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Chapter 1
Physiology and molecular aspects of Verticillium wilt
diseases caused by V. dahliae and V. albo-atrum

This introduction is published as part of:
Emilie F. Fradin and Bart P. H. J. Thomma
Molecular Plant Pathology (2006): 7, 71-86.

Chapter 1
Verticillium species are soil-borne plant pathogens that are responsible for
Verticillium wilt diseases. The mycelium of Verticillium species is hyaline, simple
or branched, septate and multinucleate. The conidia are ovoid to elongate and are
produced on long phialides positioned in a whorl or spiral-like shape around the
conidiophores (Figure 1F-G). In addition, the branching of the conidiophores occurs
in whorls at several levels. From this so-called “verticillate” disposition of the
conidiophore branches and phialides, the name of the genus Verticillium is derived.
After revision of the original genus, six plant pathogenic Verticillium species are
now generally recognized (Pegg and Brady, 2002; Barbara and Clewes, 2003). Two
of those species, V. dahliae Klebahn and V. albo-atrum Reinke & Berthold are truly
plant pathogenic and cover a very wide host range of over 200 dicotyledonous plant
species (Agrios, 1997). Although both V. dahliae and V. albo-atrum are broad host
range pathogens, host specificity exists in individual isolates (Bhat and Subbarao,
1999). Both species are found to cause disease in temperate and subtropical regions
but little in the tropics. V. dahliae appears to be favored by higher temperatures
than V. albo-atrum, as can be deduced from its geographical distribution. There are
currently no fungicides available to control Verticillium wilts once plants have been
infected. Despite the economic importance of this pathogen and the considerable
phytopathological attention it has obtained, remarkably little is known about the
molecular basis of Verticillium diseases and the molecular mechanisms that
Verticillium species employ to cause disease.

Symptoms of Verticillium diseases
V. dahliae causes wilt in a wide range of plants, including vegetables (artichoke,
eggplant, pepper, potato and tomato), fruits (grapevine, olive, and strawberry),
flowers (chrysanthemum), oilseed crops (sunflower), fiber crops (cotton, flax) and
woody perennials (Schnathorst, 1981; Pegg and Brady, 2002). V. albo-atrum is
considered to have a rather narrow host range and is mainly reported as a pathogen
on alfalfa, hop, soybean, tomato and potato. In addition to these crop plants, many
weeds are symptomatic or asymptomatic Verticillium hosts (Ligoxigakis et al., 2002;
Vallad et al., 2005). So far, most monocotyledonous plants are considered to be nonhost species. Many individual Verticillium isolates are capable of causing a rather
wide range of symptom severities on several hosts (Subbarao et al., 1995; Bhat and
Subbarao, 1999). However, some isolates are more host-specialized and thus have
a limited host range (Bhat and Subbarao, 1999). These include V. dahliae isolates
from mint and cocoa and V. albo-atrum isolates from alfalfa and hops (Isaac and
Keyworth, 1948; Horner, 1954; Correll et al., 1988; Resende et al., 1994).
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Figure. 1. Symptoms and characteristics of plant pathogenic Verticillium species. (A) Leaf of a tomato
plant infected by V. dahliae displaying early symptoms of infection. Characteristic chlorosis, wilting
and necrosis symptoms are visible only on one half of the infected leaf (see circles). (B) Leaf of a
tomato plant infected by V. albo-atrum showing typical V-shaped necrosis. (C) Arabiopsis thaliana
23 days post inoculation with V. dahliae showing chlorosis of rosette leaves and symptoms of early
senescence. (D) Longitudinal section of the stem base of a tomato plant infected by V. albo-atrum
displaying mild brown vessel discoloration (arrows). (E) Microsclerotia (arrow) produced by V. dahliae
on necrotic stem tissue of tomato. (F) Microscopical observation of V. dahliae mycelium showing
‘verticilliate’ disposition of conidiophores. (G) Microscopical observation of V. dahliae conidiophores
in ‘verticillate’ disposition with released conidia. (H) In vitro grown transgenic V. dahliae constitutively
expressing green fluorescent protein (GFP) observed through fluorescence microscopy. Hyphae and
conidia show bright fluorescence.

Since Verticillium symptoms can vary between hosts, there are no unique
symptoms that belong to all plants infected by this fungus. Despite the name
Verticillium wilt, true wilt not always occurs as a consequence of Verticillium
infection. Typical wilting starts with disease symptoms only at one half of an infected
leaf (Figure 1A), usually in the oldest shoots as invasion is acropetal (from base to
apex). For tomato, lower leaves turn yellow as tips and edges die causing typical
V-shaped lesions (Figure 1B). Ultimately the whole leaf wilts and may abscise.
Alternatively, leaves may develop yellow blotches that later turn necrotic and brown,
and the veins may appear brown or purple. Annuals often survive the season, but
may be chlorotic, stunted, early senescent (Figure 1C) and have smaller yield. In
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stem sections a brown discoloration of the vascular tissues can be seen (Figure 1D).
Overall, Verticillium diseases are difficult to diagnose based on symptom expression,
especially because several Fusarium species cause similar symptoms.

The Verticillium disease cycle
The life cycle of both species is very similar and can be divided into a dormant,
parasitic and a saprophytic phase. In the dormant phase, germination of fungal
resting structures present in the soil is inhibited through microbiostasis or mycostasis,
which is overcome probably by the availability of excess carbon and nitrogen in
root exudates released in the rhizosphere of host and non-host plants (Schreiber and
Green, 1963; Huisman, 1982; Olsson and Nordbring-Hertz, 1985; Mol et al., 1995).
Hyphae that grow out of the germinating resting structures can traverse a limited
distance, possibly directed by nutrient gradients, to reach potential host plants.
Typically, Verticillium species enter their parasitic stage by infecting susceptible
plants either at the root tip, or the sites of lateral root formation (Bishop and Cooper,
1983). To traverse into the vascular (xylem) tissues, the fungus needs to cross the
endodermis which acts as a physical barrier against infection. Therefore crossing the
endodermis may only be achieved when it has not yet developed (at the root tip) or
when it is damaged (for instance by nematode infection) (Pegg, 1974; Schnathorst,
1981; Huisman, 1982; Bowers et al., 1996). After crossing the endodermis, the
fungus enters the vascular tissues where it can form conidia, a process referred to as
budding. These conidia are carried with the sap stream and trapped in pit cavities or
vessel end walls, so-called trapping sites, where they have to germinate and penetrate
adjacent vessel elements in order to continue colonization. Sporulation then occurs
to start another infection cycle (Bishop and Cooper, 1983). In several studies it has
been determined that it takes between 2 and 4 days before the fungus enters the
xylem vessels of the root and another day to spread to neighboring xylem elements
and sporulate (Gold and Robb, 1995; Heinz et al., 1998; Chen et al., 2004). The
initial sporulation in the root is thought to account for colonization of stem vessels
which results in rapid accumulation of fungal biomass few days later. At that time
(around one week after inoculation) the first fungal elimination occurs, which the
pathogen in a susceptible plant is able to overcome subsequently (Gold and Robb,
1995; Heinz et al., 1998; Chen et al., 2004). It has been reported that colonization of
the plant at this stage appears to occur in cycles of fungal proliferation and fungal
elimination, with elimination probably driven by plant defense responses (Heinz et
al., 1998).
During tissue necrosis or plant senescence the fungus enters a saprophytic
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stage. Apart from the vascular tissues, shoots and roots of the plant now also become
colonized. In case of V. dahliae infection, large amounts of microsclerotia are
produced (Figure 1E). These are released in the soil with the decomposition of plant
materials where they can survive for 10 to 15 years (Wilhelm, 1955). The survival
potential of the melanized, dark, resting mycelium produced by V. albo-atrum is
shorter. In addition, both species can overwinter as mycelium within perennial hosts
or in plant propagative organs like tubers, bulbs or seeds.

Physiology of plant defense against Verticillium
infection
Historically, a large body of Verticillium research aimed at characterizing defense
responses has been carried out using cotton, hop and tomato as hosts. Several
different processes operating either at the prevascular phase of Verticillium infection
or at the vascular phase have been found to contribute to wilt resistance (Figure 2;
Talboys, 1964). It has been determined that many infections stay in the prevascular
phase, and the fungus is localized to the root cortex where it grows inter- and
intracellularly with plants affected only to a limited extent (Talboys, 1972; Huisman,
1988). The endoderm that is suberinized during normal root development acts as a
natural barrier against Verticillium infection (Talboys, 1958). In addition, lignin is
quickly deposited in epidermal and cortical cell walls of the root (Figure 1D) and
around the penetrating hyphae to form so-called lignin tubers (also called appositions
or papillae) to trap the fungus (Griffiths, 1971). At this stage of the infection the
production of phytoalexins and related compounds that may display antimicrobial
activity is induced in root tissues (Bell, 1969; Daayf et al., 1997). Since Verticillium
infections on many hosts are eliminated in the prevascular phase of the disease they
may remain unnoticed.
If the pathogen overcomes the prevascular defense responses and reaches the
xylem vessels, the vascular stage of the wilt disease starts. As mentioned above,
Verticillium colonization occurs in a cyclical way, alternating phases of fungal
growth and elimination (Heinz et al., 1998). In a resistant plant the fungus is
contained in the root and stem base as a result of rapid defense responses, while in a
susceptible plant the fungus escapes defense (Figure 2; Heinz et al., 1998; Pegg and
Brady, 2002). Rapid deposition of suberin and other coating materials on vascular
cell walls, including the trapping sites, forms a barrier against fungal penetration and
thus may prevent horizontal spread (Robb et al., 1989). At this stage, the infection
commonly results in vessel occlusion by gums, gels and other deposits secreted by
the neighboring parenchyma cells and tyloses (Benhamou, 1995). These bubble-
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like outgrowths of parenchyma cells can accumulate a variety of resins and expand
into adjacent vascular elements (Robb et al., 1979). All these obstructions block
transport through the vessel element and movement of the fungus. The effect of this
occlusion on the pathogen depends on the rate and speed of its formation. If it occurs
in advance of the pathogen and before conidia are released into the sap stream, the
pathogen may be contained and the occlusion contributes to resistance. However, if
many vessels are affected at the same time and cannot be compensated for by the
production of new vessel elements, plants may collapse (Talboys, 1972).
Infected plants accumulate potentially antimicrobial components such
as pathogenesis-related (PR) proteins (for instance glucanases and chitinases),
phytoalexins and phenolic compounds in root and stem tissues (Bell, 1969; Talboys,
1972; Benhamou, 1995; Gold and Robb, 1995; Cooper et al., 1996; Daayf et al.,
1997; Williams et al., 2002). Generally these compounds are produced in resistant
as well as susceptible plants, but the speed and rate of their production is higher
in resistant plants. This also applies to the production of phenylalanine ammonialyase (PAL), an essential enzyme for the synthesis of lignin and suberin (Hahlbrock
and Scheel, 1989). The interplay between physical and antimicrobial defense
responses is thought to be very efficient in the containment of fungal spread; first
the fungus is trapped in a designated part of a xylem vessel, after which the release
of antimicrobial molecules contributes to the elimination of fungal hyphae (Sinha
and Wood, 1967; Dixon and Pegg, 1969; Benhamou, 1995; Gold and Robb, 1995;
Chen et al., 2004). This elimination has been correlated with chitinase activity but
also with phytoalexins in tomato (Pegg and Vessey, 1973; Williams et al., 2002) and
with phytoalexin activity in cotton (Cooper et al., 1996; Resende et al., 1996). The
most striking phytoalexin implicated in Verticillium resistance is elemental sulphur,
which has been employed in agriculture as a fungicide. Both in resistant cotton as
well as tomato cultivars, this element has been found in high concentrations in xylem
parenchyma cells that are in contact with xylem vessels, in the xylem vessel walls
and in xylem occluding gels (Cooper et al., 1996; Williams et al., 2002). Similarly,
terpenoid phytoalexins have been found to be produced in xylem parenchyma cells
and accumulate in xylem vessel walls and occlusions in cotton upon inoculation
with V. dahliae (Mace et al., 1976). Possibly, impregnation of xylem walls and
occlusions with antimicrobial substances prohibits breakdown by the pathogen and
thus prevents systemic spread (Cooper et al., 1996).
In susceptible interactions, the pathogen appears to be able to suppress the
suberin coating of vessels by the host to such extent that it can spread to new vessel
elements (Gold and Robb, 1995). The coating of vessels is not only slower, but also
initially limited to the adjacent vessels. Furthermore, in susceptible plant species
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the pathogen is often able to degrade cell walls even after reinforcement (Gold and
Robb, 1995). Expression of some defense genes also seems to be suppressed by the
pathogen (Lee et al., 1992).
INITIAL
CONTACT

Verticillium attack to the root

Vascular infection

No vascular infection

Rapid defense activation

Slow defense activation

Escape

Restricted colonization

Progressive colonization

Xylem vessel occlusion
Limited

SYMPTOM
DISPLAY
MECHANISM

Rapid fungal
elimination

Extensive

Rapid xylem
replacement

Slow xylem
replacement

Slow or no
fungal elimination
No toxin
sensitivity

Toxin
sensitivity

None

mild

mild

severe

mild

mild

severe

R

R/T

R/T

S

R

T

S

Figure 2. Host defence signaling upon Verticillium attack. Different defense signaling cascades that
determine the outcome of the host’s interaction with plant pathogenic Verticillium species are depicted.
In different stages of the signaling it can be determined whether the interaction results in a disease
phenotype ranging from no symptoms through mild to severe. No symptom display covers (non-host)
resistance (R), while severe symptoms refer to full susceptibility (S). Mild phenotypes are sometimes
characterised as “tolerance” (T) while others will characterize these as (partial) resistance (R). Figure
adapted from (Talboys, 1972).

The Ve resistance genes
Polygenic resistance to Verticillium species has been identified in several plant species
including alfalfa, cotton, potato and strawberry; (Hunter et al., 1968; Simko et al.,
2004b; Bolek et al., 2005). Single dominant resistance genes have been identified in
cotton, sunflower, potato and tomato species (Schaible et al., 1951; Lynch et al., 1997;
Jansky et al., 2004). In tomato (Solanum lycopersicum), the Ve locus that provides
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resistance against Verticillium wilt (Schaible et al., 1951) has been used by plant
breeders for sixty years and is introduced in most cultivated tomatoes. Isolates of V.
dahliae and V. albo-atrum that are contained by the Ve locus are designated as race
1 while all others are designated as race 2 (Pegg, 1974). While some studies do not
record any Verticillium growth in Ve-carrying tomato plants (Williams et al., 2002),
others note that initial colonization of resistant and susceptible tomato cultivars with
race 1 V. dahliae is similar (Chen et al., 2004). According to the latter study, the
fungus enters the xylem and attempts to spread. At this stage, in resistant tomato
a rapid coating response prevents fungal spread and elimination occurs similarly
as in susceptible plants (Gold and Robb, 1995; Chen et al., 2004). However, while
in susceptible plants the fungus recovers and starts spreading again, resulting in a
cyclical colonization (Heinz et al., 1998), in resistant plants the fungus does not
substantially overcome the elimination (Gold and Robb, 1995; Chen et al., 2004).
Positional cloning revealed that the Ve locus contains two closely linked genes, Ve1
and Ve2, encoding leucine-rich repeat (LRR) proteins that belong to the class of
so-called receptor-like proteins (RLPs) (Kawchuk et al., 2001; Kruijt et al., 2005).
When they were separately expressed in a susceptible potato cultivar, both Ve genes
were found to confer resistance against a race 1 isolate of V. albo-atrum (Kawchuk
et al., 2001). Whether the two genes are involved in perception of the presence or
activity of the same pathogen factor is presently not known, nor where Ve-mediated
resistance is established in the plant. Since the fungus is present in the xylem even in
resistant plants, it is tempting to speculate that the Ve resistance proteins exert their
activity in the parenchyma cells surrounding the xylem vessels. For the tomato I-2
gene that provides resistance against the vascular pathogen Fusarium oxysporum,
expression was demonstrated in these parenchyma cells, suggesting a correlation
with the resistance response (Mes et al., 2000).
Ve gene homologues have been identified in the wild tomato species Solanum
lycopersicoides (SlVe1) (Chai et al., 2003) and the wild potato species Solanum
torvum (StVe) (Fei et al., 2004). In tetraploid potato (Solanum tuberosum), a
Verticillium resistance quantitative trait locus (QTL) was identified using the tomato
Ve1 gene as a probe. This locus was found to contain at least 11 genes, all putatively
encoding leucine-rich repeat receptor-like proteins (Simko et al., 2004a). The
tomato and potato genomes are highly collinear and the QTL locus was mapped to a
chromosome 9 region that is syntenic to the short arm of the tomato chromosome 9
that carries Ve1 and Ve2 (Diwan et al., 1999; Simko et al., 2004a). This suggests that
the S. tuberosum QTL indeed harbors a resistance determinant. However, so far it has
not been demonstrated that any of the Ve gene homologues in any species are active
resistance genes (Chai et al., 2003; Fei et al., 2004; Simko et al., 2004a).
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Not much is known about downstream signaling components for the tomato Ve
genes. Only recently, a gene was identified through reverse genetics that is required
for Ve mediated resistance (Hu et al., 2005). This gene was found to act upstream
of salicylic acid accumulation and PR-gene induction upon pathogen challenge,
and is required for basal defense against virulent pathogens as well as resistance
mediated by several resistance genes of the TIR-class (displaying homology to the
Drosophila Toll and mammalian Interleukin 1 Receptor domain). Based on structural
and functional similarities this gene was denoted as the tomato homologue of the
Arabidopsis EDS1 gene that is also primarily involved in resistance mediated by
the TIR-class of resistance genes (Parker et al., 1996; Aarts et al., 1998; Hu et al.,
2005). It is presently not known whether also in Arabidopsis EDS1 is required for
RLP-signaling.

Disease management
Verticillium diseases generally spread through the use of contaminated equipment,
the transfer of contaminated soil, irrigation, and the use of infected seed or plant
materials such as rootstocks, bulbs and tubers. V. albo-atrum, which produces conidia
on infected tissues, also spreads through air currents. Verticillium wilt diseases are
difficult to control due to the long viability of the resting structures, the broad host
range of the pathogens, and the inability of fungicides to affect the pathogens once
they enter the xylem. Therefore, removal of plants once they are diagnosed with
Verticillium wilt disease is currently the most effective means of disease control.
Resting structures are desirable targets for Verticillium control because they produce
the primary inoculum and are very persistent (Hawke and Lazarovits, 1994). Inoculum
reduction can be accomplished through solarization, chemical soil fumigation, or
crop rotation. However, for various reasons these strategies are rather inefficient.
While solarization can only be carried out in geographic areas that have the required
climate, the use of chemicals for fumigation is severely restricted because they are
generally detrimental for the environment and/or public health. Finally, crop rotation
is rather unappealing since Verticillium resting structures are persistent in the soil,
requiring long crop rotations with mainly monocotyledonous crops to reduce levels
of microsclerotia below crop-specific threshold levels (Wilhelm, 1955; Evans et al.,
1967).
Since control of disease occurrence by reduction of inoculum density is rather
difficult, currently the best way to prevent Verticillium diseases is the use of resistant
cultivars. In tomato, cultivars harboring Verticillium resistance have been widely
used (Schaible et al., 1951) and genetic resistance has been identified in alfalfa,
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cotton, potato, strawberry and sunflower (Lynch et al., 1997). However, in various
other plant species, genetic resistance is not available.

Tools in Verticillium research
Several tools render Verticillium species convenient for genetic studies. Apart from
their straightforward growth in vitro, it has been demonstrated that Verticillium
species are amendable to genetic transformation through Agrobacterium tumefaciens
(Figure 1H) (Mullins et al., 2001; Dobinson et al., 2004). Furthermore, individual
genes can be knocked out relatively easy (Dobinson et al., 2004; Rauyaree et al.,
2005).
Historically, Verticillium wilt was considered to only seldom occur in
cruciferous plants, with the first report of an isolation from Brussels sprout only in
the late 1950s (Isaac, 1957). Now Verticillium wilts are recognized as major diseases
in cruciferous crops like oilseed rape and cauliflower (Koike et al., 1994; Karapapa
et al., 1997; Steventon et al., 2002). Most Verticillium strains that have been isolated
from crucifers produce microsclerotia and remarkably long conidia (Karapapa et
al., 1997; Collins et al., 2003). As a consequence, it has been suggested that these
long-spored strains should be grouped into a new species, namely V. longisporum
(Karapapa et al., 1997). Remarkably, this long-spored phenotype seems to correlate
with a nearly doubled DNA content (Karapapa et al., 1997; Collins et al., 2003),
which led to the suggestion that these strains are natural hybrids between V. dahliae
and a specific V. albo-atrum strain (Karapapa et al., 1997). However, others have
questioned this and, moreover, argued that erection of a new species is premature
because the new taxon excludes a number of long-spored isolates and does not
resolve the status of the short-spored crucifer isolates (Collins et al., 2003; Barbara
and Clewes, 2003). As a consequence, both names V. longisporum and V. dahliae
var. longisporum are presently in use. Irrespective of the species name, since the
cruciferous genetic model plant Arabidopsis thaliana has been found susceptible
to Verticillium wilt disease (Figure 1C) (Veronese et al., 2003; Jiang et al., 2005;
Tjamos et al., 2005), it can be expected that insight into defense responses that are
effective against Verticillium infections will rapidly increase.
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Outline of the thesis
Although Verticillium wilt occurs on more than 200 dicotyledonous plant species,
intriguingly, resistance has only been reported in a few species. So far, only in tomato
a Verticillium resistance locus has been cloned (Kawchuk et al., 2001). The objective
of this thesis research was to functionally analyze the tomato Ve locus.
Chapter 2 describes a detailed analysis of the Ve locus in tomato. To this end,
sequence comparisons of Ve1 and Ve2 alleles from susceptible and resistant cultivars
were made, and the contribution of these alleles to Verticillium resistance was tested
with virus-induced gene silencing. Finally, transgenic tomatoes that constitutively
express either Ve1 or Ve2 were produced and tested for Verticillium resistance.
Collectively, the results show that Ve2 is not functional in establishing resistance
against Verticillium race 1 strains and that resistance against these strains is solely
determined by Ve1. In addition, signaling downstream of Ve1 was investigated
with virus-induced gene silencing, revealing components that are required for Ve1mediated resistance.
Nicotiana benthamiana is one of the most widely exploited experimental
hosts in plant pathology, because it can be genetically transformed and regenerated
with good efficiency, and is amenable to virus-induced gene silencing and
transient protein expression. The experiments in Chapter 3 describe the attempt
to develop Verticillium resistant N. benthamiana through Ve1 overexpression as a
tool to further dissect Ve1 signaling. However, because many Ve1-transgenic plants
displayed significant phenotypic aberrancies, Ve1-transgenic Verticillium resistant
N. benthamiana was not further pursued as experimental model.
Arabidopsis was selected as it is a well characterized plant model, of which
the genome is sequenced and large collections of mutants are available. Chapter 4
describes the engineering of Arabidopsis plants that are resistant against Verticillium
race 1 strains through Ve1 overexpression. A remarkable result, as it is also one of
the rare examples of successful interfamily transfer of resistance gene. In addition,
signaling downstream of Ve1 was investigated using a collection of Ve1-expressing
Arabidopsis signaling mutants, revealing that the signaling pathway utilized by Ve1
in tomato is conserved in Arabidopsis.
Following the identification of SERK3/BAK1 as a signaling component
required for Ve1-mediated resistance in tomato and Arabidopsi, in Chapter 5, the
requirement of the SERK family members for Ve1 resistance in Arabidopsis is
investigated, revealing that SERK1 and, albeit to a lesser extent, also SERK4 are
required in addition to SERK3. Furthermore, using virus-induced gene silencing, it
was shown that SERK1 is similarly required for Ve1-mediated resistance in tomato.
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Stable genetic transformation is easily achieved in Arabidopsis when compared
to tomato, allowing the functional analysis of Ve1 domains through analysis of mutant
Ve1 proteins. Chapter 6 describes the study of these mutants, which were obtained
by domain swaps between Ve1 and Ve2, and the identification of Ve1 regions that are
required to mediate resistance.
Finally in Chapter 7, highlights of this thesis are discussed and placed in a
broader perspective
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Abstract
Vascular wilt diseases caused by soil-borne pathogens are among the most devastating
plant diseases worldwide. The Verticillium genus includes vascular wilt pathogens
with a wide host range. Although V. longisporum infects various hosts belonging
to the Cruciferaceae, V. dahliae and V. albo-atrum cause vascular wilt diseases in
over 200 dicotyledonous species including economically important crops. A locus
responsible for resistance against race 1 strains of V. dahliae and V. albo-atrum has
been cloned from tomato (Solanum lycopersicum) only. This locus, known as Ve,
comprises two closely linked inversely oriented genes, Ve1 and Ve2, that encode cell
surface receptor proteins of the extracellular leucine-rich repeat (eLRR) receptorlike protein (RLP) class of disease resistance proteins. Here, we show that Ve1, but
not Ve2, provides resistance in tomato against race 1 strains of V. dahliae and V. alboatrum, and not against race 2 strains. Using virus-induced gene silencing in tomato,
the signaling cascade downstream of Ve1 is shown to require both EDS1 and NDR1.
In addition, also NRC1, ACIF, MEK2, and SERK3/BAK1 act as positive regulators
of Ve1 in tomato. In conclusion, Ve1-mediated resistance signaling only partially
overlaps with signaling mediated by Cf proteins, type members of the RLP-class of
resistance proteins.

Introduction
Vascular wilt diseases caused by soil-borne pathogens are among the most devastating
plant diseases worldwide (Tjamos and Beckman, 1989). Vascular wilts are particularly
notorious since, in the vascular system of host plants, the pathogens can not be
reached by many fungicides and few fungicides exist to cure plants once they are
infected. Because of extremely persistent resting structures such as microsclerotia,
vascular wilt fungi survive in soil for many years and the only effective control
measure, soil fumigation, is expensive and has harmful environmental effects (Rowe
et al., 1987; Fradin and Thomma, 2006). The high economic impact, combined with
the absence of curative treatments, justifies increased attention for vascular wilt
diseases. However, to design novel control strategies, understanding the biology of
vascular pathogens is of fundamental importance.
Four fungal genera, Ceratocystis, Fusarium, Ophiostoma, and Verticillium
contain the main vascular wilt pathogens (Agrios, 2005). Most vascular pathogens are
characterized by narrow host ranges, the exception are fungi of the genus Verticillium.
While V. longisporum infects various hosts that belong to the Cruciferaceae,
including cabbage (Brassica oleracea var. capitata), cauliflower (Brassica oleracea)
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and rapeseed (Brassica napus), V. dahliae and V. albo-atrum are responsible for
monocyclic vascular wilt diseases in over 200 dicotyledonous species, including
economically important crops (Pegg and Brady, 2002; Fradin and Thomma, 2006).
Triggered by root exudates, microsclerotia in the soil germinate and penetrate the
roots through the root tip or via wounds and sites of lateral root formation. After
crossing the root endodermis, the fungus enters the xylem and produces conidia that
are transported by the water stream throughout the plant. Once senescing, tissues
become colonized and microsclerotia are produced that are released in the soil during
decomposition of plant materials. Little is known about the genetics and molecular
biology of Verticillium-host interactions. Recently, transcriptome profiling has been
undertaken to study compatible, incompatible and tolerant interactions to identify
genes that play a crucial role in host defense (Robb, 2007; van Esse et al., 2009).
Intriguingly, it was recently demonstrated that post-transcriptional gene silencing
governs basal defense against Verticillium in Arabidopsis (Ellendorff et al., 2009).
In several plant species, including alfalfa (Medicago sativa), cotton
(Gossypium hirsutum), potato (Solanum tuberosum), strawberry (Fragaria vesca),
sunflower (Helianthus annuus) and tomato (Solanum lycopersicum), sources of
genetic resistance to Verticillium have been described (Schaible et al., 1951; Lynch
et al., 1997; Bae et al., 2008). However, a locus responsible for resistance against
Verticillium has been cloned only from tomato (Kawchuk et al., 2001). This Ve locus
governs resistance against race 1 strains of V. dahliae and V. albo-atrum, and strains
that are not contained by this locus are assigned to race 2 (Schaible et al., 1951;
Diwan et al., 1999). The Ve locus contains two closely linked inversely oriented
genes, Ve1 and Ve2 that, upon independent heterologous expression in potato, were
shown to provide resistance against a race 1 V. albo-atrum strain (Kawchuk et al.,
2001). Both Ve1 and Ve2 were found to encode cell surface receptor proteins that
belong to the extracellular leucine-rich repeat (eLRR) receptor-like protein (RLP)
class of disease resistance proteins (Kawchuk et al., 2001; Wang et al., 2008). The
largest group of eLRR-containing cell surface receptors comprises the receptor-like
kinases (RLKs) that contain an eLRR domain, a single-pass transmembrane domain,
and a cytoplasmic kinase domain, with over 200 representatives in the Arabidopsis
thaliana genome (Shiu and Bleecker, 2003). The second largest group of eLRRcontaining cell surface receptors, represented by 57 members in the Arabidopsis
genome, is formed by the receptor-like proteins (RLPs) that differ from RLKs as
they lack a cytoplasmic kinase domain and carry only a short cytoplasmic tail that
lacks obvious signaling motifs other than the putative endocytosis motif found in
some members (Fritz-Laylin et al., 2005; Wang et al., 2008). This class of resistance
protein was identified originally as Cf resistance proteins that provide resistance in
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tomato against the foliar leaf mould pathogen Cladosporium fulvum (Jones et al.,
1994; Thomma et al., 2005), but also includes the apple HcrVf proteins that confer
resistance to the scab fungus Venturia inaequalis (Vinatzer et al., 2001; Belfanti et al.,
2004; Malnoy et al., 2008). In addition to race-specific resistance proteins the RLP
family harbors receptors that act in basal defense and non-host resistance, including
the tomato LeEIX genes that encode receptors for the ethylene inducible xylanase
produced by Trichoderma biocontrol fungi (Ron and Avni, 2004), and Arabidopsis
AtRLP52 and AtRLP30 that provide resistance against the powdery mildew pathogen
Erysiphe cichoracearum and non-host resistance towards Pseudomonas syringae pv.
phaseolicola, respectively (Ramonell et al., 2005; Wang et al., 2008).
The interaction between tomato and C. fulvum has been the most extensively
used model to study the molecular basis of (the evolution of) recognition specificity in
RLP-type disease resistance proteins (Parniske et al., 1997; Thomas, 1997; Parniske
and Jones, 1999; van der Hoorn et al., 2001a; van der Hoorn et al., 2001b; Wulff et
al., 2001; Seear and Dixon, 2003; Kruijt et al., 2004; Thomma et al., 2005; van der
Hoorn et al., 2005). Also the genetics of RLP mediated disease resistance signaling has
been most extensively studied exploiting the tomato Cf genes. Using transcriptomics
approaches based on AFLPs, the transcriptional response of tobacco suspension
cells heterologously expressing the tomato resistance gene Cf-9 was monitored
upon addition of the C. fulvum effector Avr9 (Durrant et al., 2000). Similarly, the
transcriptome of tomato Cf-4 seedlings heterologously expressing C. fulvum Avr4
was monitored (Gabriëls et al., 2006). Subsequent analysis of candidate genes has
revealed several components that are required for the Cf-mediated hypersensitive
response or resistance against C. fulvum. These include the thioredoxin CITRX
(Rivas et al., 2004), the protein kinase ACIK1 (Rowland et al., 2005), the NB-LRR
protein NRC1 (Gabriëls et al., 2006; Gabriëls et al., 2007), the U-box protein CMPG1
(González-Lamothe et al., 2006), the mitogen-activated protein kinases LeMPK1,
LeMPK2, and LeMPK3 (Stulemeijer et al., 2007), and the F-box protein ACRE189/
ACIF1 (van den Burg et al., 2008). Although the use of tomato has been successful
so far, it may be anticipated that unraveling the genetics of RLP signaling would be
facilitated by the use of the model plant A. thaliana. However, despite significant
efforts, so far no race-specific disease resistance proteins of the RLP class have been
identified in Arabidopsis (Ellendorff et al., 2008; Wang et al., 2008).
Here, we describe the functional analysis of Ve1 and Ve2 in resistant and
susceptible tomato plants. We show that Ve1, but not Ve2, provides resistance
against race 1 strains of V. dahliae and V. albo-atrum, and not against race 2 strains.
Furthermore, the signaling cascade downstream of Ve1 in tomato is shown to overlap
only partially with the Cf-mediated signaling cascade.
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Results
Sequence analysis of the Ve locus in resistant and susceptible tomato genotypes
Verticillium resistance in most tomato cultivars is based on the introduction of the
dominant Ve locus that was identified in the tomato accession Peru Wild in the
1930’s (Schaible et al., 1951). To study the composition of the Ve locus in resistant
and susceptible tomato genotypes, the coding sequences (CDSs) of Ve1 and Ve2
homologues were amplified from genomic DNA of the tomato cultivars MoneyMaker
(LA2706) that is susceptible to race 1 strains of Verticillium, and Motelle (LA2823)
and VFN8 (LA1022) that are resistant to those strains. Furthermore, the homologues
were also amplified from the isogenic lines Craigella GCR26 (LA3247) and Craigella
GCR218 (LA3428) that are susceptible and resistant to race 1 Verticillium strains,
respectively. The Ve1 and Ve2 CDSs, 3.1 and 3.4 kb respectively, were amplified
successfully from all genotypes and the sequences were compared with the previously
published Ve sequences (Kawchuk et al., 2001) for Ve1 genomic DNA (AF272367;
VFN8), Ve1 cDNA (AF272366; Craigella), Ve2 genomic DNA (AF365929; VFN8),
and Ve2 cDNA (AF365930; Craigella). Between the two published Ve1 sequences
(AF272366 and AF272367), five single nucleotide polymorphisms (SNPs) were
identified in the coding region, four resulting in a single amino acid change while one
mutation was silent (Table 1, positions 246, 610, 706, 1548 and 1888). Interestingly,
in the ve1 CDS amplified from the susceptible genotypes these five SNPs also
were found, suggesting that these SNPs are not causing the susceptibility of these
genotypes. In addition, four SNPs were identified in the various Ve1 alleles that
all resulted in amino acid substitutions (Table 1). Remarkably, two of these SNPs
(Table 1, positions 29 and 35) were identified in all sequenced genotypes while a
third SNP was found in the Ve1 alleles from the resistant genotypes, but absent from
the two published Ve1 sequences (Table 1, position 380). As these mutations do not
discriminate the resistant from the susceptible genotypes, they are unlikely to be the
basis of susceptibility in Craigella CGR26 or MoneyMaker. We finally identified a
single nucleotide deletion at position 1220 resulting in a predicted premature stop
codon. As a consequence of this deletion a truncated Ve1 protein of 407 amino acids
is predicted in the susceptible cultivars, whereas the protein in resistant cultivars is
1053 amino acids. Intriguingly, this mutation was present in all susceptible, but not
in the resistant, cultivars.
For Ve2, eight SNPs were identified of which six lead to predicted amino acid
substitutions while two were silent (Table 1). Remarkably, two of these SNPs (Table
1, positions 3380 and 3383) leading to a predicted amino acid change from two
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Table 1. Sequence analysis of the Ve locus in various tomato genotypes. Polymorphisms in the CDS of Ve1 and Ve2 isolated from the tomato isogenic
lines Craigella GCR26 (ve/ve) and Craigella GCR218 (Ve/Ve), and the cultivars MoneyMaker (ve/ve), Motelle (Ve/Ve), and VFN8 (Ve/Ve).
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: position of the SNP relative to ATG start codon.
: as in GenBank accession AF272367.
3
: +/- = presence/absence of mutation.
4
: amino acid change does not occur in genotypes with Ve1 mutation at position 1219 resulting in a premature stop codon.
5
: as in GenBank accession AF365929.

TTTTTT

phenylalanines into two serines were identified in all
the sequenced genotypes. In addition to these two
SNPs, five SNPs were identified in the Ve2 alleles
from the resistant genotypes that were absent from
the two published Ve2 sequences, while one SNP was
identified only in MoneyMaker. We were not able to
identify a single mutation for Ve2 that discriminated
between resistant and susceptible genotypes.
To further analyze the Ve locus the intergenic
region between Ve1 and Ve2 was amplified from the
resistant tomato genotypes Motelle and Craigella
GCR218, and the susceptible genotype Craigella
GCR26. In addition to a number of SNPs, approximately in the middle of this intergenic region of 3.4
kb a significant deletion of 36 nucleotides was found
in the susceptible Craigella genotype. Subsequently,
the intergenic region of the three genotypes was
analyzed using the PlantCARE software (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/;
Lescot et al., 2002) to identify putative cis-acting
regulatory elements (Supplemental Table 1 and
Supplemental Figure 1). In addition to TATA boxes,
putative regulatory elements were identified such as
a Box-W1 domain with a putative function in fungal
elicitor responsiveness and several TC-rich repeats
that are involved in defense and stress responses.
Furthermore a putative ethylene-responsive element
(ERE) was identified in the resistant Craigella, but
not in the resistant Motelle or susceptible Craigella
genotypes. Most importantly, however, no differences in regulatory elements were observed between
the resistant and susceptible genotypes.

2

1

-

+
+
+
+
+
FF>SS

-

3380/3383

TCTTCT

-

+

+
+

+
+

+
-

-

Silent

Silent
CTT

3243

GGG

CTC

GGT

2934

+

-

+

+
+
+

+
-

-

S>P

R>T

TCA
2893

ACA
AGA
2771

CCA

-

Ve1-mediated Verticillium resistance in tomato

27

Chapter 2
Ve expression analysis in resistant and susceptible tomato genotypes
The expression of the Ve genes in root, stem and leaf tissues from susceptible and
resistant tomato cultivars MoneyMaker and Motelle two weeks after inoculation
with a race 1 V. dahliae strain or mock-inoculation was assessed with real-time PCR.
Transcripts of the Ve genes were detected in all samples. In the compatible interaction
on MoneyMaker plants, transcription of ve1 and ve2 was clearly increased by V.
dahliae challenge. Also in the incompatible interaction, transcript accumulation
of Ve1 and Ve2 was increased, albeit only moderately, which may reflect a rather
localized response because the fungus is halted at an early stage of the infection
process (Supplemental Figure 2). Both genes follow a similar transcription pattern,
although the level of Ve2 expression is slightly lower than that of Ve1 (Figure 2).
Subsequently, expression of the Ve genes was assessed in the stems of the resistant
and susceptible Craigella isogenic lines in time-course experiments (Figure 1). This
analysis demonstrated that the peak of induction for both genes occurred faster in the
incompatible interaction than in the compatible interaction. Several studies show that
Verticillium species enter the xylem vessels of the root and start sporulating after 2 to
5 days (Gold and Robb, 1995; Heinz et al., 1998; Chen et al., 2004). After 1 week,
sporulation results in colonization of stem vessels coinciding with fungal elimination
as a consequence of plant defense. In compatible interactions, the pathogen is able
to overcome this elimination (Gold and Robb, 1995; Heinz et al., 1998; Chen et al.,
2004; van Esse et al., 2009). Also in the Craigella lines, both genes follow a similar
expression pattern with a slightly higher level of Ve1 transcription when compared
to Ve2 (Figure 1). In any case, these results indicate that lack of Ve gene expression
cannot explain Verticillium compatibility with susceptible tomato genotypes.
Relative expression
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Figure 1. Real-Time PCR of a time course of Ve1
and Ve2 expression in susceptible and resistant
tomato isolines. Time course of Ve1 (A) and Ve2 (B)
expression in stem tissue of V. dahliae-inoculated
Craigella isolines GCR218 (resistant, white bars)
and GCR26 (susceptible; grey bars), respectively.
Bars represent the relative level of Ve transcripts
relative to the transcript level of tomato actin
(for normalization) with standard deviation of a
sample of 3 pooled plants. A representative of three
experiments with similar results is shown.

Ve1-mediated Verticillium resistance in tomato
Silencing reveals differential activity of Ve1 and Ve2
Based on the sequence analysis and the expression study it can be concluded that Ve1
and Ve2 expression is induced in resistant as well as susceptible tomato genotypes
and that no single mutation in the CDS of Ve2 discriminates resistant and susceptible
tomato genotypes. However, a single point mutation in Ve1, resulting in a premature
stop codon, was found in all susceptible genotypes and absent in all resistant
genotypes. This suggested that Ve1, but not Ve2 governs Verticillium resistance in
tomato.
To investigate the role of Ve1 and Ve2 in Verticillium resistance, we used
virus-induced gene silencing (VIGS). VIGS is a well-established method for gene
functional analysis in interactions of plants with various foliar pathogens (BurchSmith et al., 2004). However, VIGS has not been used so far to study interactions
with vascular pathogens. Three recombinant tobacco rattle virus (TRV) vectors
(Liu et al., 2002a) were designed to target Ve gene expression. While TRV:Ve was
designed to target expression of Ve1 and Ve2 simultaneously, TRV:Ve1 and TRV:Ve2
were designed to target expression of Ve1 and Ve2 individually, respectively
(Supplemental Figure 3). As a control, an empty TRV construct (TRV:00) was used.
Target specificity of the different constructs was verified by assessment of Ve1 and
Ve2 silencing in tomato (Supplemental Figure 4). Subsequently, the recombinant TRV
vectors were inoculated with N. benthamiana leaf sap containing the recombinant
virus (Brigneti et al., 2004) using at least 10 plants per construct of the resistant
cultivars VFN8 and Motelle. One week later, half of the plants were inoculated with
a race 1 V. dahliae strain, while the other half were mock-inoculated. Two weeks post
inoculation, Verticillium resistance was assessed by comparing the degree of stunting
(height of the plant, length of the
leaves, diameter of the stems) that Table 2. VIGS analysis of candidate genes in resistant
Motelle plants
has occurred in host plants, an
indicator of disease progression.
VIGS
Number
Number Percentage
construct
of plants
of
of stunted
Upon Verticillium inoculation of
challenged
stunted
plants
TRV:00-treated plants, incidentally
with V.
plants
(%)*
dahliae
little stunting was observed when
6
1
16
TRV:00
compared with mock-inoculated
5
5
100
TRV:Ve
plants (Figure 2A; Table 2),
6
5
83
TRV:Ve1
indicating that TRV inoculation
by itself does not compromise Ve6
1
16
TRV:Ve2
mediated Verticillium resistance in
*Data from one representative experiment out of three
VFN8 or Motelle plants. In contrast, are shown.
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Verticillium inoculation of TRV:Ve-treated VFN8 and Motelle plants resulted in clear
and consistent stunting that was not observed in mock-inoculated TRV:Ve-treated
plants (Figure 2A; Table 2). This confirms that the Ve locus is responsible for
Verticillium resistance and, importantly, that VIGS can be used as a tool to investigate
gene function in resistance signaling against this vascular fungus. Selective targeting
of only Ve2 by means of the TRV:Ve2 construct resulted in incidental slight stunting
after Verticillium inoculation, similar to Verticillium-inoculated TRV:00-treated
plants (Figure 2A; Table 2). Interestingly, clearly compromised Verticillium
resistance was observed after selective targeting of Ve1 expression using TRV:Ve1
(Figure 2A; Table 2). These findings were confirmed by fungal recovery from stem
sections of the inoculated plants (Figure 2B), and confirm the hypothesis that Ve1,
but not Ve2, mediates Verticillium resistance in VFN8 and Motelle plants.
A

B
TRV:00

TRV:Ve

TRV:Ve1

TRV:Ve2
Figure 2. Virus-induced gene silencing of Ve1, but not of Ve2, impairs Verticillium resistance. (A)
control V. dahliae
Motelle (Ve/Ve; resistant) plants were treated with an empty recombinant tobacco rattle virus (TRV)
vector (TRV:00), a TRV vector targeting a region shared by Ve1 and Ve2 (TRV:Ve), a TRV vector
specifically targeting Ve1 (TRV:Ve1), or Ve2 (TRV:Ve2). Two weeks after treatment, the plants were
mock-inoculated (control) or inoculated with a race 1 strain of V. dahliae. Photographs were taken at
14 days after V. dahliae inoculation and compromised resistance is evident from a stunted appearance
of the V. dahliae-inoculated plants when compared with mock-inoculated control plants. (B) As a
measure for fungal colonization, two weeks post V. dahliae inoculation stem sections were plated on
agar medium allowing the fungus to grow from sections. The number of stem sections from which the
fungus grows is a measure for the extent of fungal colonization. Photographs were taken at 14 days
after plating.
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Ve1, but not Ve2, provides Verticillium resistance in tomato
To confirm our finding that Ve1, but not Ve2, mediates Verticillium resistance in
tomato, stable over-expression lines were generated in the susceptible tomato
cultivar MoneyMaker expressing either Ve1 or Ve2 driven by the CaMV 35S
promoter (Supplemental Figures 5 and 6). For Ve1, the Motelle/VFN8 allele was
used (P35S:Ve1; Supplemental Figure 5) because it was shown to provide resistance
in our VIGS analysis and this genotype was used previously to engineer Verticilliumresistant potato (Kawchuk et al., 2001). For Ve2, the Craigella GCR26 allele was
used (P35S:Ve2; Supplemental Figure 5) that most closely matches the allele used to
engineer Verticillium-resistant potato (Kawchuk et al., 2001). As shown in Table 1,
we have not been able to identify the exact same Ve2 allele as was used by Kawchuk
et al. (2001). However, the only polymorphism that is present in the Craigella GCR26
allele is present in all Ve2 alleles analyzed. For each construct, at least ten transgenic
lines were obtained of which, after determination of diploidy levels and copy number
of the transgene, lines with one or two copy inserts were chosen for further analysis.
For each of the constructs, a minimum of five T2 plants of two independent lines were
challenged with each of five different race 1 Verticillium isolates, three belonging to
V. dahliae and two to V. albo-atrum (Table 3). Intriguingly, while all plants carrying
the P35S:Ve1 transgenes were found to exhibit robust Verticillium resistance, all
plants carrying P35S:Ve2 transgenes were as susceptible as MoneyMaker plants
towards these race 1 isolates, showing typical wilt symptoms that included stunting,
chlorosis, wilting and necrosis (Figure 3A; Table 3). Furthermore, when challenged
with race 2 isolates belonging to V. dahliae and V. albo-atrum, all transgenic plants
showed typical symptoms of Verticillium disease (Table 3). All findings were
confirmed in subsequent analyses using the T3 generation of the transgenic lines.
Moreover, the disease phenotypes were corroborated by assessing Verticillium
colonization of the transgenic plants through measurement of fungal recovery from
stem sections (Figure 3B).
In addition to the lines with constitutive Ve expression, stable transgenic
MoneyMaker lines were generated expressing either the same Ve1 or Ve2 CDS, but
driven by the endogenous promoter isolated from Motelle (PVe1:Ve1 and PVe2:Ve2,
respectively; Supplemental Figure 5). For PVe2:Ve2 the full intergenic region was
used, while for Ve1 only half of the intergenic region adjacent to the Ve1 CDS was
used (Supplemental Figure 5). Subsequent Verticillium assays on transgenic lines in
the T2 and the T3 generations revealed that, when driven by the Motelle promoter,
Ve1, but not Ve2, conferred resistance towards race 1 isolates of V. dahliae and V.
albo-atrum, but not race 2 isolates (Figure 3A, Table 3). These disease phenotypes
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were corroborated by assessment of Verticillium colonization of the transgenic plants
through measurement of fungal recovery from stem sections (Figure 3B).
Table 3. Ve1 but not Ve2 provides resistance against Verticillium race 1 isolates.
Tomato genotype1
Verticillium isolate
V. d St14.01

Race

MoneyMaker

Motelle

P35S:Ve1

PVe1:Ve1

P35S:Ve2

PVe2:Ve2

1

S

R

R

R

S

S

V. d JR2

1

S

R

R

R

S

S

V. d CBS381.66

1

S

R

R

R

S

S

V. a-a 5431

1

S

R

R

R

S

S

V. a-a CBS385.91

1

S

R

R

R

S

S

V. d CBS321.91

2

S

S

S

S

S

S

V. d M050414

2

S

S

S

S

S

S

V. a-a CBS451.88

2

S

S

S

S

S

S

V. a-a VA1

2

S

S

S

S

S

S

1
In each assay, a minimum of 5 plants were tested for each combination of plant line and V. dahliae
(V. d) or V. albo-atrum (V. a-a) strains. For the transgenes, minimum two independent lines were tested
per construct. S indicates 80-100% plants with symptoms of disease, while R indicates 80-100% plants
without symptoms of disease.

V. dahliae-inoculated
A

B

VFN8

MM

P35S:Ve1

PVe1:Ve1
MM
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PVe2:Ve2
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Figure 3. (Left page). Transgenic expression of Ve1, but not of Ve2, triggers Verticillium resistance
in susceptible tomato. (A) Typical appearance of wild type and transgenic tomato cultivars after
inoculation with a race 1 strain of V. dahliae. Left: VFN8 (Ve/Ve; resistant) and a MoneyMaker (ve/ve;
susceptible) after inoculation with a race 1 strain of V. dahliae. Middle: transgenic MoneyMaker plants
expressing the Motelle/VFN8 Ve1 allele driven by the constitutive CaMV 35S promoter (P35S:Ve1)
or the endogenous Ve1 promoter (PVe1:Ve1) after inoculation with a race 1 strain of V. dahliae. Right:
transgenic MoneyMaker plants expressing the Craigella Ve2 allele driven by the constitutive CaMV
35S promoter (P35S:Ve2) or the endogenous Ve2 promoter (PVe2:Ve2) upon inoculation with a race
1 strain of V. dahliae. All photographs were taken at 28 days after inoculation. (B) As a measure for
fungal colonization, two weeks post V. dahliae inoculation stem sections were plated on agar medium
allowing the fungus to grow from sections. The number of stem sections from which the fungus grows
is a measure for the extent of fungal colonization. Photographs were taken at 14 days after plating.

Characterization of Ve-mediated signaling by virus-induced gene silencing
So far, little is known about the genetic requirements for Ve-signaling. The only gene
implicated in downstream signaling is the tomato homologue of Arabidopsis Eds1
(Enhanced Disease Susceptibility 1; Aarts et al., 1998; Hu et al., 2005). To further
identify genes required for Ve-mediated resistance, a set of candidate genes was
selected, some of which have previously been implicated in RLP signaling mediated
by the tomato Cf genes against C. fulvum. In addition to Eds1, this set included genes
encoding the disease signaling components RAR1 (Required for Mla12 Resistance
1; Liu et al., 2002b), SGT1 (Suppressor of the G2 allele of SKP1; Peart et al., 2002),
NDR1 (Non-race specific Disease Resistance; Ekengren et al., 2003) and NPR1
(Non-expressor of Pathogenesis-Related genes 1; Liu et al., 2002b), but also the
Ser/Thr protein kinase ACIK1 (Rowland et al., 2005), the F-box protein ACIF1 (van
den Burg et al., 2008), the U-box protein CMPG1 (González-Lamothe et al., 2006),
the mitogen-activated protein (MAP) kinase kinase MEK2 (Ekengren et al., 2003),
the MAP kinases LeMPK1, LeMPK2, and LeMPK3 (Stratmann and Ryan, 1997;
Stulemeijer et al., 2007), and the NB-LRR protein required for HR-associated cell
death NRC1 (Gabriëls et al., 2007). All these TRV constructs have been described
and used previously for effective silencing in tomato (Peart et al., 2002; Ekengren et
al., 2003; Rowland et al., 2005; Gabriëls et al., 2006; González-Lamothe et al., 2006;
Stulemeijer et al., 2007; van den Burg et al., 2008).
As expected, silencing of Eds1 resulted in a clear and consistent decrease
of resistance in Motelle tomato plants (Figure 4A; Table 4), indicated by stunting
(reduced plant height, leaf length, and stem diameter), confirming the previously
described involvement of Eds1 in Ve-mediated signaling (Hu et al., 2005). Clear
and consistent loss of Verticillium resistance in Motelle plants also was observed
upon treatments with recombinant viruses targeting Mek2, Nrc1, Acif1 and Ndr1
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(Figure 4A; Table 4), indicating Table 4. VIGS analysis of candidate genes in resistant
their requirement for Ve-mediated Motelle plants
disease resistance. In contrast,
VIGS
Number
Number Percentage
construct
of plants
of
of stunted
recombinant viruses targeting
challenged stunted
plants
with V.
plants
(%)*
Cmpg1, Mpk1, Mpk2, and Rar1
dahliae
did not compromise Verticillium
6
1
16
TRV:00
resistance in Motelle plants
5
4
80
TRV:Acif1
(Figure 4B; Table 4), while viruses
6
1
16
TRV:Acik1
targeting Mpk3 and Npr1 caused a
4
0
0
TRV:Cmg1
slightly higher number of stunted
5
4
80
TRV:Eds1
plants when compared to the
6
1
16
TRV:Fls2
empty vector control, suggesting
5
4
80
TRV:Mek2
that these components could make
5
1
20
TRV:Mpk1
a minor contribution to disease
5
0
0
TRV:Mpk2
resistance (Table 4).
6
2
33
TRV:Mpk3
It was shown recently
6
4
66
TRV:Ndr1
that the Arabidopsis Somatic
6
2
33
TRV:Npr1
Embryogenesis Receptor Kinase
6
4
66
TRV:Nrc1
(SERK)3/Brassinosteroid-Asso5
1
20
TRV:Rar1
ciated Kinase (BAK)1 takes part
5
1
20
TRV:Serk2
in an elicitor-dependent complex
6
5
83
TRV:Serk3-I
with Flagellin Sensing (FLS)2
6
6
100
TRV:Serk3-II
to initiate a defense response
upon elicitation with the bacterial *Data from one representative experiment out of three
are shown.
pathogen-associated
molecular
pattern (PAMP) flagellin or its peptide derivative flg22 (Chinchilla et al., 2007b;
Heese et al., 2007). In N. benthamiana Serk3/Bak1 is also required for flagellintriggered immunity (Heese et al., 2007). In addition, in Arabidopsis as well as in N.
benthamiana, Serk3/Bak1 is required for full responses to unrelated PAMPs, basal
defense and for restriction of pathogen infection (Heese et al., 2007; Kemmerling
et al., 2007). Therefore, we attempted to silence the tomato gene encoding SERK3/
BAK1 using two different TRV constructs to target different regions of NbSerk3
(Heese et al., 2007). As a control, TRV constructs targeting NbFls2 and the somatic
embryogenesis receptor kinase 2 (NbSerk2; Colcombet et al., 2005; Heese et al.,
2007) were included. Treatment of Motelle tomato plants with the two constructs
targeting Serk3/Bak1 or the construct targeting Serk2 resulted in slight stunting
and weakly distorted leaves. These results are consistent with the phenotype of N.
benthamiana upon treatment with these constructs (Heese et al., 2007). Interestingly,
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treatment with the two different recombinant viruses targeting expression of Serk3/
Bak1, but not with viruses targeting expression of Fls2 or Serk2 clearly compromised
Verticillium resistance (Figure 4; Table 4). This result suggests that, in addition
to PAMP-triggered immunity, Serk3/Bak1 also functions in race-specific disease
resistance.
A

B

TRV:Acif1

TRV:Eds1

TRV:Mek2

TRV:Ndr1

TRV:Nrc1

TRV:Serk3

TRV:Acik1

TRV:Cmpg1

TRV:Fls2

TRV:Mpk1

TRV:Mpk2

TRV:Mpk3

TRV:Npr1

TRV:Rar1

TRV:Serk2

control

V. dahliae

control

V. dahliae

control

V. dahliae

Figure 4. Characterization of Ve-mediated signaling in resistant tomato by virus-induced gene silencing
(VIGS). Motelle (Ve/Ve; resistant) plants were agroinfiltrated with recombinant tobacco rattle virus
(TRV) vector carrying a fragment of candidate disease signaling genes. Two weeks after agroinfiltration,
the plants were mock-inoculated (control) or inoculated with a race 1 strain of V. dahliae (JR2).
Photographs were taken at 14 days after V. dahliae inoculation and compromised resistance is evident
from a stunted appearance of V. dahliae-inoculated plants when compared with control plants. (A)
VIGS of tomato genes required for Ve-mediated Verticillium resistance. (B) VIGS of tomato genes that
do not play a major role in Ve-mediated Verticillium resistance.
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Discussion
Ve1, and not Ve2, is a functional Verticillium resistance gene in tomato
Many crop species contain genes for tolerance or partial resistance, but not complete
resistance, to Verticillium species (Fradin and Thomma, 2006). Tomato is an
exception in which resistance to race 1 Verticillium isolates is conferred by a single
dominant locus that was introduced in cultivated varieties in the 1950s (Schaible et
al., 1951; Diwan et al., 1999), and that is still carried by most commercial tomato
varieties. This chapter describes the functional analysis of Ve1 and Ve2 in resistant
and susceptible tomato plants. We were not able to identify a single mutation for Ve2
that discriminated between resistant and susceptible genotypes. However, sequence
analysis revealed that Ve1 encodes a truncated protein in all susceptible genotypes
that were analyzed. This suggested that solely Ve1 determines resistance of tomato
towards race 1 strains of Verticillium. This hypothesis was verified through two
lines of evidence. First, VIGS of Ve1 but not of Ve2 compromised Verticillium
resistance in Motelle and VFN8 plants that harbor the Ve locus. Secondly, transgenic
tomato plants expressing either Ve1 or Ve2 showed that Ve1 expression, and not Ve2
expression, resulted in resistance against race 1 strains of V. dahliae and V. alboatrum, irrespective of whether expression was driven by the endogenous promoter
or the constitutive CaMV 35S promoter.
Previously, the Ve locus was cloned from tomato and used for heterologous
expression in susceptible potato (Kawchuk et al., 2001). Our study revealed a
number of sequence differences for the Ve1 and Ve2 alleles that were sequenced by
Kawchuk et al. (2001). Support for the veracity of the sequences from our study is
provided by Acciarri et al. (2007), which similarly reports on the sequencing of Ve1
and Ve2 alleles from resistant and susceptible Italian tomato genotypes. This study
confirms the polymorphisms found at positions 246, 380, 610, 706 and 1220 in Ve1
and at positions 1811, 2771, 2893 and 2934 in Ve2 in the present study. Remarkably,
Kawchuk et al. (2001) reported that both Ve1 and Ve2 provided resistance against a
race 1 strain of V. albo-atrum, irrespective of whether expression was driven by the
endogenous promoter or the constitutive CaMV 35S promoter. Possibly, the Ve2
protein is no longer active in tomato while it is still able to connect to a disease
signaling cascade in potato, for instance through the presence of auxiliary components
in potato that confer functionality. Also, in contrast to Ve1, Ve2 contains a PEST
motif which is typically observed in many rapidly degraded proteins (Hershko and
Ciechanover, 1998). Therefore, the protein stability of Ve2 may be significantly
reduced in tomato when compared to Ve1. Alternatively, the single race 1 V. albo-
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atrum strain that was used on potato contains an elicitor that is not generally carried
by most race 1 isolates. Loci with active (demonstrated resistance specificities) and
non-active (unknown functions) homologues of RLP-type resistance genes are found
commonly, not only in tomato (Dixon et al., 1996; Parniske et al., 1997), but also
in apple (Malnoy et al., 2008). It has been speculated that members with unknown
functions are a source to generate new recognition (R gene) specificities (Kruijt et al.,
2005), which may also be true for the Ve locus.
Genetic analysis of Ve-mediated signaling in tomato
Interestingly, VIGS using recombinant viruses that target Ve1 expression resulted
in compromised V. dahliae resistance, demonstrating that this transient assay can
be used to investigate defense against a vascular pathogen. Apart from Eds1 (Hu
et al., 2005), little is known about the genetic requirements for Ve-signaling. In
Arabidopsis, a differential requirement for Eds1 and Ndr1 was shown particularly
for cytoplasmic disease resistance proteins of the NB-LRR class (Aarts et al., 1998).
Although exceptions exist for this class of resistance proteins, Eds1 generally
mediates signaling initiated by the TIR-NB-LRR subclass, whereas Ndr1 mediates
signaling initiated by the CC-NB-LRR subclass (Century et al., 1995; Aarts et al.,
1998). Previously, Eds1, but not Ndr1, was found to play a role in Cf4-mediated
signaling (Gabriëls et al., 2007). Intriguingly, both Eds1 and Ndr1 are required
for Ve1 resistance, which represents the first example of a membrane-anchored
resistance protein with extracellular LRRs that requires both of these genes that are
more commonly associated with NB-LRR resistance.
In addition to Eds1 and Ndr1, also the MAP kinase kinase gene, Mek2, the
NB-LRR protein encoding Nrc1 and the F-box protein encoding Acif1 are required
for Ve-signaling, which was confirmed by performing fungal recovery assays from
stem sections of the inoculated plants showing enhanced Verticillium outgrowth.
These components have been implicated in Cf-mediated signaling as well (Figure
5; Gabriëls et al., 2007; van den Burg et al., 2008). Furthermore, tomato Mek2 has
been implicated in tomato resistance against Pseudomonas syringae mediated by
Pto, while the NB-LRR protein encoding Nrc1 is required for the HR induced by
diverse R proteins including LeEix, Pto, Rx and Mi (Ekengren et al., 2003; Gabriëls
et al., 2007). Recombinant TRV targeting expression of the U-box protein CMPG1,
the MAP kinases MPK1 to MPK3, and the disease signaling components RAR1
(Required for Mla12 Resistance 1; Liu et al., 2002b), and NPR1 (Non-expressor
of Pathogenesis-Related genes 1; Liu et al., 2002b; Ekengren et al., 2003) did not
consistently compromise Verticillium resistance in Motelle plants. Although we
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have not verified VIGS efficiency of these genes, our results indicate that they do
not play a major role in the resistance response. All these, except NPR1 have been
found to play a role in Cf-signaling (González-Lamothe et al., 2006; Gabriëls et
al., 2007; Stulemeijer et al., 2007), suggesting that the Ve1 and Cf proteins differ
significantly in their requirements for downstream signaling components (Figure
5). This is further substantiated by the recent observation that the C. fulvum-induced
transcriptional changes in tomato show only little overlap with those induced by V.
dahliae in compatible as well as in incompatible interactions (van Esse et al., 2009).
Ve1

Cf4/9

elicitor

Avr4/9

Serk3/Bak1*
Ndr1

Resistance

Eds1
Nrc1
Mek2
Acif1

Acik1
Cmpg1
Mpk1
Mpk2
Mpk3
Rar1
Sgt1*

Resistance

Figure 5. The Ve1 and Cf proteins differentially
require downstream signaling components. The
figure shows signaling components that are
required for Ve1-mediated Verticillium resistance
(in the dashed circle) and those required for Cfmediated Cladosporium resistance (in the dotted
circle). The components in the overlap of the two
circles are required for both resistance responses.
The asterisk indicates that Serk3/Bak1 has not
been tested for requirement in Cf-signaling, while
Sgt1 has not been tested for requirement in Ve1signaling.

BAK1/SERK3 may form a receptor complex with Ve1 in Tomato
For VIGS of all genes tested in this study, silencing constructs were employed that
have been published previously and have been shown to be effective in silencing
the tomato genes that were targeted. The only exception was the construct used to
target expression of Somatic embryogenesis receptor kinase (Serk)3/brassinosteroid
(BR)-associated kinase (Bak)1 and the corresponding control constructs to target
the related Serk family member Serk2, and expression of the receptor for the
bacterial PAMP flagellin and its peptide derivative flg22 Flagellin sensing (Fls)2.
In Arabidopsis, AtSERK3/BAK1 takes part in an elicitor-dependent complex with
FLS2 (Chinchilla et al., 2007b; Heese et al., 2007), and also in N. benthamiana
Serk3/Bak1 is also required for flagellin-triggered immunity (Heese et al., 2007). In
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addition, in Arabidopsis as well as in N. benthamiana, Serk3/Bak1 is required for full
responses to unrelated PAMPs, basal defense and for restriction of pathogen infection
(Heese et al., 2007; Kemmerling et al., 2007). In our study, we observed weakly
distorted leaves in tomato plants silenced with either of the NbSerk3 constructs.
These results are consistent with the leaf phenotypes upon silencing of NbSerk3 in
N. benthamiana plants, and upon SERK3/BAK1 knockouts in Arabidopsis, which
was attributed to defects in brassinosteroid perception (Heese et al., 2007). This
suggests that, indeed, the true tomato Serk3/Bak1 homologue had been silenced. So
far, tomato Serk3/Bak1 has not been identified, but several studies have exploited
N. benthamiana sequences to successfully target genes in the close relative tomato
(Gabriëls et al., 2006; Gabriëls et al., 2007). Interestingly, in our study both of the
NbSerk3 constructs that target different regions of Serk3, but not the Serk2 or the
Fls2 construct, clearly compromised Verticillium resistance. Since SERK3/BAK1 is
a co-receptor that physically associates with BRI1 for BR-dependent signaling and
with FLS2 for flagellin-induced immunity, this may indicate that tomato SERK3/
BAK1 physically associates with the RLP Ve1 to initiate Verticillium immunity.
Future experiments will be directed to investigate this possibility.

Materials and methods
All experiments have been performed a minimum of three times yielding similar
results.
Plant manipulations
Tomato (Solanum lycopersicum) was grown in soil in the greenhouse at 21/19°C
during 16/8 hour day/night periods, respectively, with 70% relative humidity and
100 W/m2 supplemental light when the intensity dropped below 150 W/m2. For
Verticillium inoculations, 10-day-old tomato plants were uprooted and the roots were
rinsed in water. Subsequently, the roots were dipped for 3 minutes in a suspension
of 106 conidia per ml of water, harvested from 1- to 2-week-old Verticillium cultures
on potato dextrose agar (PDA; Oxoid). Control plants were treated similarly, but
their roots were dipped in water without conidia. After replanting in fresh soil,
disease development was monitored up to 28 days after inoculation. The following
isolates were used: V. dahliae ST14.01, JR2, CBS381.66 (all race 1), CBS321.91
and M050414 (both race 2), V. albo-atrum 5431 and CBS385.91 (both race 1),
CBS451.88 and VA1 (both race 2).
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Cloning of Ve sequences
To amplify the CDSs of Ve1 and Ve2, the primer pairs Ve1F-Ve1R and Ve2F-Ve2R,
respectively (Supplemental Table 2), were used with Expand high-fidelity PCR
system enzyme mix (Roche). PCR products were either directly sequenced in both
directions (Supplemental Table 2) and with overlapping sequencing products or,
alternatively, were cloned into a pBluescript variant with BamHI and AscI restriction
sites, after which multiple clones from independent PCR reactions were sequenced
(BaseClear). For constitutive expression, the Ve1 and Ve2 CDS were cloned into
a binary vector pmog800 variant (Honée et al., 1998), resulting in P35S:Ve1 and
P35S:Ve2 (Supplemental Figure 5).
The region between the inversely oriented Ve CDSs was PCR-amplified
(Supplemental Table 2) and sequenced (BaseClear). Furthermore, two constructs were
designed (Supplemental Figure 5); one containing the Ve1 CDS and half the intergenic
region (IR) adjacent to the Ve1 CDS (PVe1:Ve1), and one containing the complete
IR fused to the Ve2 CDS (PVe2:Ve2). The primer pair Ve1ProRegF-VeProReg3R
(Supplemental Table 2) was used with Expand high-fidelity PCR system enzyme
mix (Roche) to amplify half of the IR and part of Ve1, containing an endogenous PstI
restriction site. The PCR fragment was cloned into pGEM-T Easy (Promega) and
sequenced (Supplemental Table 2). Subsequently, the IR fragment was excised using
ApaI and PstI and directionally cloned into the binary vector pGREEN (Hellens
et al., 2000). Next, a PstI-SmaI fragment of the P35S:Ve1 construct containing the
Ve1 sequence and the terminator from the potato proteinase inhibitor II (PiII) gene
was cloned into the vector, resulting in PVe1:Ve1. For Ve2, the complete IR was
obtained using two PCR-amplified fragments. The first IR fragment was amplified
with the primer combination VeProRegF-VeProReg3R (Supplemental Table 2)
and partially overlapped with the second IR fragment that was amplified with the
primer pair VeProReg3F-Ve2ProRegR (Supplemental Table 2), with an endogenous
SpeI restriction site in the region of overlap. The second IR fragment also partially
overlapped with part of the Ve2 CDS, with an endogenous PstI restriction site in the
region of overlap. Both fragments were cloned into pGEM-T Easy, sequenced, and
excised using ApaI, SpeI and PstI. Both fragments were cloned into ApaI and PstI
digested pGREEN. Subsequently, a PstI-SmaI fragment of the P35S:Ve2 construct
containing the Ve2 sequence and the PiII terminator was cloned into the vector,
resulting in PVe2:Ve2. All constructs were introduced into A. tumefaciens strain
LBA4404 by electroporation and used for tomato transformation.
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Engineering of transgenic plants
Tomato transformation was performed as described previously (van Esse et al., 2008).
The ploidy level of transgenic tomato plants was determined as described (Jacobs
and Yoder, 1989). Subsequently, diploid plants were retained and the transgene
copy number was determined by quantitative real-time PCR using the qPCR Core
kit for SYBR Green I (Eurogentec) with genomic DNA (Supplemental Table 3;
Ingham et al., 2001). The single copy tomato gene encoding protein phosphatase 5
(Pp5) was used as a reference to determine the number of copies of the neomycin
phosphotransferase II (NptII) transgene selection marker (Supplemental Table 2).
Real-time PCR conditions consisted of an initial denaturation step of 10 minutes at
95°C, followed by denaturation for 15 sec at 95°C, annealing for 30 sec at 60°C, and
extension for 30 sec at 72°C for 40 cycles. Only one- or two-copy transgenes were
used in this study.
VIGS experiments
For all VIGS experiments, the binary tobacco rattle virus (TRV) constructs pTRVRNA1 and pTRV-RNA2 were used (Liu et al., 2002a). The inserts to generate TRV:Ve1
and TRV:Ve were amplified from the P35S:Ve1 plasmid using the primer pairs
Ve1F-Ve1VIGSspeR, and VeVIGSF2-VeVIGSR1, respectively, while the insert for
TRV:Ve2 was amplified from the P35S:Ve2 plasmid using the Ve2F-Ve2VIGSspeR
primer pair (for primer sequences see Supplemental Table 2). PCR fragments were
cloned into pTRV:RNA2 (pYL156) using BamHI and KpnI. The constructs were
transformed to A. tumefaciens GV3101 by electroporation.
TRV vectors were agroinfiltrated as described (Liu et al., 2002a) into
cotyledons of 9-day-old Motelle (Ve/Ve) or VFN8 (Ve/Ve) plants, and after two weeks
the plants were inoculated with race 1 V. dahliae. Alternatively, TRV vectors were
agroinfiltrated into a leaf of 3- to 4-week-old N. benthamiana plants, and three to
six days post agroinfiltration, leaf sap was collected by grinding the agroinfiltrated
leaves in 50 mM phosphate buffer (pH 7.2). Subsequently, 9-day-old Motelle plants
were virus-inoculated by rubbing the cotyledons with 6 to 12 µl of the leaf sap and
inoculated with a race 1 strain of V. dahliae one week after treatment.
Expression analyses
Target specificity of the constructs TRV:Ve, TRV:Ve1 and TRV:Ve2 was determined
in the MoneyMaker over-expression lines expressing either Ve1 or Ve2 driven by
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the CaMV 35S promoter. Two weeks post virus inoculation, RNA was isolated from
whole plants using the RNeasy kit (Qiagen) and used for cDNA synthesis using an
oligo(dT) primer (Supplemental Table 2) and the SuperScript III reverse transcriptase
kit (Invitrogen), according to the manufacturers instructions. To analyze expression of
the Ve alleles, real-time PCR was conducted with Ve-specific primers (Ve1QPCRF2Ve1QPCRR1 for Ve1, and Ve2SeqF7-Ve2R for Ve2, respectively) with tomato actin
as internal standard (Supplemental Table 2), using the qPCR Core kit for SYBR
Green I (Eurogentec). Real-time PCR conditions consisted of an initial denaturation
step of 10 minutes at 95ºC, followed by denaturation for 15 sec at 95ºC, annealing
for 30 sec at 60ºC, and extension for 30 sec at 72ºC for 30 cycles. Ve expression
analyses in resistant and susceptible tomato genotypes were performed similarly. Ve
expression analyses in Ve-transgenic tomato lines were performed by RT-PCR using
the same conditions.
Fungal recovery assay
Two weeks after Verticillium inoculation, a stem section immediately above the
cotyledons was taken from three inoculated plants, surface sterilized for 15 minutes
in 70% ethanol, followed by 15 minutes in 10% hypochlorite, rinsed three times with
sterile water, and sliced. In total, for each plant 10 slices were transferred onto PDA
supplemented with chloramphenicol (34 mg/L) and incubated at 22ºC. The frequency
of stem slices from which Verticillium grew out is a measure for susceptibility of the
plant.
Accession numbers
Sequences described in this study have been deposited in GenBank as accessions
FJ464553 to FJ464565.
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Supplemental figures and tables
GCR218
GCR26

1
80
TGCTTAAGTC TTGGAGGAAT TATAATCCAT CAAACTTGTT GTTTTTTCTA CTTTGGGATT GAAATGAAGG GAGAAGGTAG
TGCTTAAGTC TTGGAGGAAT TATAATCCAT CAAACTTGTT GTTTTTTCTA CTTTGGGATT GAAATGAAGG GAGAAGGTAG
TATA-box

GCR218
GCR26

81
160
AAAAGAAGAT AAATAATGAG GGGAAGAGAT GGTCAAAAGA AAAACATGAC AAGTGCTTGG TTGTTTAATT TTATGTATTT
AAAAGAAGAT AAATAATGAG GGGAAGAAAT GGTCAAAGGA AAA.CATGAC AAGTGCTTGG TTGTTTAATT TTATGTATTT
Box-W1

GCR218
GCR26

161
240
GCAGATTGTA TTGTTTCTTT CTACGCGTTT TTATGTCGGG CCTATTTGTT TATTGGTTTG GTGACTTTGA ATATACTTAA
GCAGATTGTA TTGTTTCTTT CTACGCGTTT TTATGTCGGG CCTATTTGTT TATTGGTTTG GTGACTTTGA ATATACTTAA

241
GCR218 AGAAAGTACT AATCAAAACC
GCR26 AGAAAATACT AATCAAAACC
TC-rich repeats*
321
GCR218 GTGGGGTTGG CTGTTTACCA
GCR26 GTGGGGTTGG CTGTTTACCA

320
ATGACTTTTT TTGCATTTGT TTGAATTTAT ATTTATGATT TAGGAGTTTC TATTCTAAGT
ATGACTTTTT TTGCATTTGT TTGAATTTAT ATTTATGATT TAGGAGTTTC TATTCTAAGT
400
TGGGATTCTC TCACATGCAA GGTTTTGATT ACTACTTATA TATTTCACCA TTGGTCCAAA
TGGGATTCTC TCACATGCAA GGTTTTGATT ACTACTTATA TATTTCACCA TTGGTCCAAA
TC-rich repeats

GCR218
GCR26

401
480
ATAAGTATTT TTAATACTCC AACAATAATA TTAAACAAAA ACAAGAACTG TGTTGGTTTC ATACCATGAA CAGATGTGAC
ATAAGTATTC TTAATACTCC AACAATAATA TTAAACAAAA ACAAGAACTG TGTTGATTTC ATACCATGAA CAGATGTGAC

GCR218
GCR26

481
560
TTGTGTGTGT GTTTTTTTTA AAAAAAAATC TTAGTAGCAC TTGTAATCAT TCACCATATT TATTTATTTT TGTCTTTTTT
TTGTGTGCGT GTTTTTTTTT TAAAAAAATC TTAGTAGCAC TTGTAATCAT TCACCATATT TATTTATTTT TGTCTTTTTT

GCR218
GCR26

561
640
CCTATTTTGA TTAGTAAATT GATATTATTA ATAAAATTAA AAATGTACCT ATTGTAACAG TAAGAATATA TAGATGAATA
CCTATTTTGA TTAGTAAATT GATATTATTA ATAAAATTAA AAATGTACCT ATTGTAACAG TAAGAATATA TAGATGAATA

GCR218
GCR26

GCR218
GCR26

GCR218
GCR26

641
720
ATAAATTGAA GAAGAGGTAT GGACAGGAGT GATTTGTAAT AATTGAAATA ATTGTTAGAA AATATTTTTT TATATATTTA
ATAAATTGAA GAAGAGGTAT GGACAGGAGT GATTTGTAAT AATTGAAATA ATTGTTAGAA AATATTTTTT TATATATTTA
TC-rich repeats
721
800
TTAAAAATAG AAACTTGACG ATAAAAAGTC AATAGCAGTC CAATTTCAAA AATAGGGAAA TTACGCATTT CTTTAAAGGA
TTAAAAATAG AAACTTGACG ATAAAAAGTC AATAGCAGTC CATTTTCAAA AATAGGGAAA TTACGCATTT CTTTAAAGGA
CGTCA-motif
ERE**
TGACG-motif
801
880
AGCAATTGCC AGACAGCCAA CCATCTTCTT TAGAAAATTG TGGCTGACCC TACCTACTAG AAAAAGGTTA TGATGACACG
AGCAATTGCC AGACAGCCAA CCATCTTCTT TAGAAAATTG TGGCCGACCC TACCTACTAG AAAAAGGTTA CGATGACACG
TCA-element
C-repeat/DRE

GCR218
GCR26

881
960
AAATTCGCGA AATTTAAGAT TTTTTTTAAA AATAAATATA TATTAATATT ATAATATTAC TTACGTAGTT ATTTAGTGTT
AAATTCGCGA AATTTAAGAT TTTTTTAAAA AATAAATATA TATTAATATT ATAATATTAC TTACGTAGTT ATTTAGTGTT

GCR218
GCR26

961
1040
AAGTATAAAG ATATAATAAT CTCGAGAATT ATTCTTTGTT TGGTTGGATG TTTAATAAAT CTTGAATAAT TTATTCAATA
AAGTATAAAG ATATAATAAT CTCGAGAATT ATTCTTTGTT TGGTTGGATG TTTAATAAAT CTTGAATAAT TTATTCAATA

GCR218
GCR26

1041
1120
TTTATATCTT AGTGATGGAA CAAGTTACTC ATATAGAAGA TAACTTATTC TTGATTCCAA CCAAATTATA GAATATCTAA
TTTATATCTT AGTGATGGAA CAAGTTACTC ATATAGAAGA TAACTTATTC TTGATTCCAA CCAAATTATA GAATATCTAA

GCR218
GCR26

1121
1200
GGATGAAATA AAAAATTTTA AAAATAAAAA TATATCCTTT TTAAAATGAA TTTACATGTA AAGGGTATCA CATAATAATT
GGATGAAATA AAAAATTTTA AAAATAAAAA TATATCCTTT TTAAAATGAA TTTACATGTA AAGGGTATCA CGTAA.....
ABRE

GCR218
GCR26

1201
1280
TACGATATAA TATCGGAGAA GGAAAAATAA GAAAATTCTA AGAGAAAAAT AATATGCCAA GTTGTTTTGC TATTCAGAAC
.......... .......... .......... .AAAATTCTA AGAGAAAAAT AATATGCCAA GTTGTTTTGC TATTCAGAAC
TCA-element

GCR218
GCR26

1281
1360
GGGAAAATGT TAATTAATTT TATAGGTGTG ATAAAATTAA ATAAGTAAAC TTATTATAAA AATAAATAAT AAGTTTGATT
GGGAAGATGT TAATTAATTT TATAGGTGTG ATAAAATTAA ATAAGTAAAC TTATTATAAA AATAAATAAT AAGTTTGATT

GCR218
GCR26

1361
1440
GGATTGTAAC GAACTTGAAT AACGTAATTA TATAAATATT TTATAATGAT TATATAGACT AATTGTGTTC TACCAAACAT
GGATTGTAAC GAACTTGAAT AACGTAATTA TATAAATATT TTATAATGAT TATATAGACT AATTGTGTTC TACCAAACAT

GCR218
GCR26

1441
1520
GTTCCAATTA TGCTTCAGCC GATAAAATTG AATTTAATAG GTGAGACAGA GAGTTGGTTG TTATCGTTTT AAGTAATATT
GTTCCAATTA TGCTTCAGCC GATAAAATTG AATTTAATAG GTGAGACAGA GAGTTGGTTG TTATCGTTTT AAGTAATATT

GCR218
GCR26

1521
1600
CTACGTCATT TTAATAAGTT TAAAATTCCG AGCATAGAAA ACTGAATAAA ATAGAAAAAA TTATAGCAAT TTTTATGGGT
CTACGTCATT TTAATAAGTT TAAAATTCCG AGCATAGAAA ACTGAATAAA ATAGAAAAAA TTATAGCAAT TTTTATGGGT
CGTCA-motif
TC-rich repeats
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GCR218
GCR26

TGACG-motif
1680
CCTCCTAGCT GAAGTTGGTG TTTTGTTATT TTTTTCTTAT GCATGTGAAT CTCAATAATA TAGGTGAAAA TCAATTTTGT
CCTCCTAGCT GAAGTTGGTG TTTTGTTATT TTTTTCTTAT GCATGTGAAT CTCAATAATA TAGGTGAAAA TCAATTTTGT

GCR218
GCR26

1681
1760
TCTTTTTCCT AATACTAAGT AAGGGGTTGT TGTATATAAA GATGTTTGGC GTGCAACAAT ACCTTGCAAT TATAAAAATA
TCTTTTTCCT AATACTAAGT AAGGGGTTGT TGTATATAAA GATGTTTGGC GTGCAACAAT ACCTTGCAAT TATAAAAATA

GCR218
GCR26

GCR218
GCR26
GCR218
GCR26

1761
1840
CTAATTAGAA AGCAATAACT GGTTTTTTCG GATATTCAAT AAAGTTGAAA CGATATAAAG AAAATTAGTG TGACTTTTAC
CTAATTAGAA AGCAATAACT GGTTTTTTCG GATATTCAAT AAAGTTGAAA CGATATAAAG AAAATTAGTG TGACTTTTAC
MBS
TC-rich repeats
1841
1920
TCAAGAATGA CATACACGAA TTGAGAAATT GTTTAATTTA TTTTTAAAAA AAGAAAGAAA TTAGCCTACT AGTTTTCTAC
TCAAGAATGA CATACACGAA TTGAGAAATT GTTTAATTTA TTTTTAAAAA AAGAAAGAAA TTAGCCTACT AGTTTTCTAC
1921
2000
GTGATTGATT TTTTTTTT.G GTATGTCTTT TTGTTGACTT ACTCAATGTT TTGCAGAAAT CCATAGATTA ACTAACAAAA
GTGATTGATT TTTTTTTTTG GTATGTCTTT TTGTTGACTT ACTCAATGTT TTGCAGAAAT CCATAGATTA ACTAACAAAA
ABRE

GCR218
GCR26

2001
2080
ACTTGCAATT TCAGCAGTCC CCTGTCAACA TGAAAAATAA TTCAATATAC GGAGTTATTC GCTAAAGCGG AGGCTATGAT
ACTTGCAATT TCAGCAGTCC CCTGTCAACA TGAAAAATAA TTCAATATAC GGAGTTATTC GCTAAAGCGG AAGCTATGAT

GCR218
GCR26

2081
2160
TCATCTGAAC CCTTTTCAAC GAAAAATTAC ACTATGACAA ATTTATTCTA AACCGGTGTA TCATTTTCAT GAATGAAGCA
TCATCTGAAC CCTTTTCAAC GAAAAATTAC ACTATGACAA ATTTATTCTA AACCGGTGTA TCATTTTCAT GAATGAAGCA

GCR218
GCR26

2161
2240
AGACCAAAGA GGAGACTTCC ACAAGTGTTG TGCAGGAGTC AATGAATGAG AATCTTCAGA GTCTTCTACA CAATGAACCA
AGACCAAAGA GGAGACTTCC ACAAGTGTTG TGCAGGAGTC AATGAATGAG AATCTTCAGA GTCTTCTACA CAATGAACCA

GCR218
GCR26

2241
2320
AAAGGGCTAA CATCAAACGA GGAGACTAGG AGGTAATTCA ATCTCTACAA ATACATAATT ATTTTTTCGC ATTTTTTATA
AAAGGGCTAA CATCAAACGA GGAGACTAGG AGGTAATTCA ATCTCTACAA ATACATAATT ATTTTTTCGC ATTTTTTATA

GCR218
GCR26

2321
2400
CGTGATTAAA ATTATACTTT GTGTCTATAT AAAAAATATT AAACAGTAAA TTTAAGTTAA AGGTATAAAT CAAAATAACT
CGTGATTAAA ATTATACTTT GTGTGTATAT AAAAAATATT AAACAGTAAA TTTAAGTTAA AGGTATAAAT CAAAATAGCT
ABRE

GCR218
GCR26

2401
2480
TCCACTCATA TATAGGCCAT AAATGAGGTA ATTAATTTTC ATCATATTTA TAAAAATATC TCCTTTCACA CTTGAAAGTG
TCCACTCATA TATAGGCCAT AAATGAGGTA ATTAATTTTC ATCATATTTA TAAAAATATC TCCTTTCACA CTTGAAAGTG
TC-rich repeats

GCR218
GCR26

2481
ATCATTTAGT TGACTGTTGA TAGAACATAA GCCTTACCCA GAAAATGACA GATTGTTGAT
ATCATTTAGT TGACTGTTGA TAGAACATAA GCCTTACCCA GAAAATGACA GATTGTTGAT
TCA-element
2561
ATTATAGTAG TTATGTAAAA TATCGTACTA AACACAACAT TAATTAAAAG TAGAAAAAAA
ATTATAGTAG TTATGTAAAA TATCGTACTA AACACAACAT TAATTAAAAG TAGAAAAAAA

GCR218
GCR26

2641
2720
GAGTAGAAAA ATAAATCATC CTTCCTATAA GTGTTTTGCT ATCCGGTTAA ATAAATATAT ATGTATATTA ATTTATGAAC
GAGTAGAAAA ATAAATCATC CTTCCTATAA GTGTTTTGCT ATCCGGTTAA ATAAATATAT ATGTATATTA ATTTATGAAC

GCR218
GCR26

2701
2800
CACCAATAAA ATTGATTGTT GGCTTAATGG TAAGTAAGGA CCCTTATAAA TGCTTCCCAC ACCAGTGTTT TAAAAAAAGG
CACCAATAAA ATTGATTGTT GGCTTAATGG TAAGTAAGGA CCCTTATAAA TGCTTCCCAC ACCAATGTTT TAAAAAAAGG

GCR218
GCR26

GCR218
GCR26

GCR218
GCR26

2560
GATCAAATAC ACTAAATTAC
GATCAAATAC ACTAAATTAC
2640
GAGTGGAATA ACAAGCACTC
GAGTGGAATA ACAAGCACTC

2801
2880
AAACATGTTT TGCAATATTT TTCTCTTTCT ATCCTAAAGT TAGAATTCTC AAACAACTTC TGTAGTTACA ATTACAACCT
AAACATGTTT TGCAATATTT TTCTCTTTCT ATCCTAAAGT TAGAATTCTC AAACAACTTC TGTAGTTACA ATTACAACCT
TCA-element
TC-rich repeats
2881
2960
TTCGGAAATA TCCAATAAAA TTGAAACGAT ACACAAAAGA TTAGCATGAC CTTTACTCAA AGATGACGAC ATATACAAAT
TTCGGAAATA TCCAATAAAA TTGAAACGAT ACACAAAAGA TTAGCATGAC CTTTACTCAA AGATGACGAC ATATACAAAT
CGTCA-motif
TGACG-motif

GCR218
GCR26

2961
3040
TGAGAAATGA TTAAACAGAG AAATTAAAAC AAAGAAGAAA GAAATAAGCC TACTATTTTT CTACACGGTT GAATGTTCTT
TGAGAAATGA TTAAACAGAG AAATTAAAAC AAAGAAGAAA GAAATAAGCC TACTATTTTT CTACACGGTT GAATGTTCTT
5’UTR Py-rich stretch

GCR218
GCR26

3041
3120
CTTCTTCTAA TTTTTTCTTG TGGAATTTCT ACATCTTTTT TTTTTAAATT TTTGGTCTCC AACTAAACCA GCCCCAGTTT
CTTCTTCTAA TTTTTTCTTG TGGAATTTCT ACATCTTTTT TTTTAAAATT TTTGGTCTCC AACTAAACCA GCCCCAGTTT
TCA-element

GCR218
GCR26
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3121
3200
GGCTAGTGCT ATTTTTTTTT T.GTTGACTC TAGTGGAAGT CTCCTAAATT TTTCTCTTCC TCTGGTCTTT TGGTAAATTC
GGCTAGTGCT ATTTTTTTTT TTGTTGACTC TAGTGGAAGT CTCCTAAATT TTTCTCTTCC TCTGGTCTTT TGGTAAATTC

Ve1-mediated Verticillium resistance in tomato
3201
3280
GCR218 AAGTTTTTAA AAAGTCAAAA ATGTATCACA GTAGTACTTA AATATGAAAA TTCTAACCAT ACAATTCCAA TCATATTAAC
GCR26 AAGTTTTTAA AAAGTCAAAA ATGTATCACA GTAGTACTTA AATATGAAAA TTCTAACCAT ACAATTCCAA TCATATTAAC
TATA-box
3281
3360
GCR218 AATTTCATAA ATGAAGCAAG ACCAAAGAGG AGACTTCAAA GTCTTCCACA GAATGAACCA AAAGGGCTAA CAACAAACAA
GCR26 AATTTCATAA ATGAAGCAAG ACCAAAGAGG AGACTTCAAA GTCTTCCACA GAATGAACCA AAAGGGCTAA CAACAAACAA
3361
3415
GCR218 GTTTTTAAGT TCCTTCGAAC TGCATAACTG AGTCATATTC AAGCTAACAA GTTGC
GCR26 GTTTTTAAGT TCCTTCGAAC TGCATACCAG AGTCATATTC AAGCTAACAA GTTGC
TATA-box
MBS

Supplemental Figure 1. Sequence alignment of the Ve locus intergenic region of a resistant and
susceptible isogenic tomato line. Alignment of the Ve locus intergenic regions (IR) of the isogenic
tomato lines Craigella GCR218 (resistant) and Craigella GCR26 (susceptible) oriented from Ve2
towards Ve1 with mismatches indicated by grey shading. Putative regulatory elements are indicated
with boxes and arrow heads (right arrow head: forward strand, left arrow head: reverse strand, double
arrow heads: both strands); the element names are indicated underneath in bold (forward strand) or
italic (reverse strand). An asterisk near the element name indicates absence of the element in Craigella
GCR218 and presence in Motelle and VFN8 (all resistant genotypes), while a double asterisk indicates
presence in Craigella GCR218 and absence in Motelle and VFN8.
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Supplemental Figure 2. Real-Time
PCR of Ve1 and Ve2 expression in susceptible and resistant tomato cultivars.
Expression of Ve1 (A) and Ve2 (B) in
root, stem and leaf tissue at 14 days
after mock-inoculation (white bars) or
inoculation with V. dahliae (grey bars).
Bars represent the relative level of Ve
transcripts relative to the transcript level of tomato actin (for normalization)
with standard deviation of a sample of 3
pooled plants.
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A
Ve1
TRV:Ve
Ve2

1601
1680
AGTTGAACAT ATTGAAATTA GCGTCTTGTC GGCTGCAAAA GTTCCCCGAT CTCAAGAATC AGTCATGGAT GATGCACTTA
.......CAT ATTGAAATTA GCGTCTTGTC GGCTGCAAAA GTTCCCCGAT CTCAAGAATC AGTCATGGAT GATGCACTTA
AGTTGAACAT ATTGAAATTA GCGTCTTGTC GGCTGCAAAA GTTCCCCGAT CTCAAGAATC AGTCAAGGAT GATGCACTTA

Ve1
TRV:Ve
Ve2

1681
1760
GACCTTTCAG ACAACCAAAT ATTGGGGGCA ATACCAAATT GGATCTGGGG AATTGGTGGT GGAGGTCTCA CCCACCTGAA
GACCTTTCAG ACAACCAAAT ATTGGGGGCA ATACCAAATT GGATCTGGGG AATTGGTGGT GGAGGTCTCA CCCACCTGAA
GACCTTTCAG ACAACCAAAT ATTGGGGGCA ATACCAAATT GGATCTGGGG AATTGGTGGT GGAGGTCTCG CCCACCTGAA

Ve1
TRV:Ve
Ve2

1761
1840
TCTTTCATTC AATCAGCTGG AGTACGTGGA ACAGCCTTAC ACTGCTTCCA GCAATCTTGT AGTCCTTGAT TTGCATTCCA
TCTTTCATTC AATCAGCTGG AGTACGTGGA ACAGCCTTAC ACTGCTTCCA GCAATCTTGT AGTCCTTGAT TTGCATTCCA
TCTTTCATTC AATCAGCTGG AGTACGTGGA ACAGCCTTAC ACTGTTTCCA GCAATCTTGC AGTCCTTGAT TTGCATTCCA

Ve1
TRV:Ve
Ve2

1841
1920
ACCGTTTAAA AGGTGACTTA CTAATACCAC CTTGCACTGC CATCTATGTG GACTACTCTA GCAATAATTT AAACAATTCC
ACCGTTTAAA AGGTGACTTA CTAATACCAC CTTGCACTGC CATCTATGTG GACTACTCTA GCAATAATTT AAACAATTCC
ACCGTTTAAA AGGTGACTTA CTAATACCAC CTTCCACTGC CATCTATGTG GACTACTCGA GCAATAATTT AAACAATTCC

Ve1
TRV:Ve
Ve2

1921
1980
ATCCCAACAG ATATTGGAAA GTCTCTTGGT TTTGCCTCCT TTTTCTCGGT AGCAAACAAT
ATCCCAACAG ATATTGGAAA GTCTCTTGGT TTTGCCTCCT TTTTCTCGGT ..........
ATCCCAACAG ATATTGGAAG ATCTCTTGGT TTTGCCTCCT TTTTCTCGGT AGCAAACAAT

B
1
80
Ve1
ATGAAAATGA TGGCAACTCT GTACTTCCTA TGG..CTTCT .CTTGATTCC CTCGTTTCAA ATCTTATCAG GATACCACAT
TRV:Ve1 ATGAAAATGA TGGCAACTCT GTACTTCCTA TGG..CTTCT .CTTGATTCC CTCGTTTCAA ATCTTATCAG GATACCACAT
Ve2
.........A TGAGATTTTT ACACTTTCTA TGGATCTTCT TCATCATACC CTTTTTGCAA ATTTTATTAG GTAATGAGAT
81
100
Ve1
TTTCTTGGTT TCCTCTCAAT
TRV:Ve1 TTTCT..... ..........
Ve2
TTTATTGGTT TCCTCTCAAT

C
1
80
Ve1
ATGAAAATGA TGGCAACTCT GTACTTCCTA TGG..CTTCT .CTTGATTCC CTCGTTTCAA ATCTTATCAG GATACCACAT
TRV:Ve2 .........A TGAGATTTTT ACACTTTCTA TGGATCTTCT TCATCATACC CTTTTTGCAA ATTTTATTAG GTAATGAGAT
Ve2
.........A TGAGATTTTT ACACTTTCTA TGGATCTTCT TCATCATACC CTTTTTGCAA ATTTTATTAG GTAATGAGAT
81
110
Ve1
TTTCTTGGTT TCCTCTCAAT GCCTTGACGA
TRV:Ve2 TTTATTGGTT TCCTCTCAAT GTCT......
Ve2
TTTATTGGTT TCCTCTCAAT GTCTTGATGA

Supplemental Figure 3. Alignments of fragments used to target expression of Ve genes. Alignments
of the fragments cloned in the TRV constructs to silence expression of Ve1 and Ve2 simultaneously
(TRV:Ve) (A), or of Ve1 (TRV:Ve1) (B); or of Ve2 (TRV:Ve2) (C); separately, are shown. Sequences of
the cloned fragments are underlined, and the target sequences from tomato cultivar VFN8 are indicated
in bold. Mismatches are indicated in grey.
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Supplemental Figure 4. Specificity of fragments used to target expression of Ve genes. Transgenic
MoneyMaker tomato lines that constitutively express Ve1 (white bars) or Ve2 (grey bars) were used
to demonstrate specificity of the TRV constructs to silence expression of Ve1 and Ve2 simultaneously
(TRV:Ve), of Ve1 (TRV:Ve1), or of Ve2 (TRV:Ve2) at two weeks post treatment. An empty TRV construct
(TRV:00) was used as control. Bars represent the relative level of Ve transcripts relative to the transcript
level of tomato actin (for normalization) with standard deviation of a sample of 3 pooled plants. The
transcript level of Ve1 and Ve2 upon treatment with an empty TRV construct is set at 100%.

*
Ve locus

*

Ve2

IR

P35S:Ve1
P35S:Ve2

Ve2

Ve2

P35S

Ve1

IR

Ve1

P35S

PVe1:Ve1
PVe2:Ve2

Ve1

IR

Supplemental Figure 5. Constructs used for transgenic expression of Ve1 and Ve2. The genomic
organization of the Ve locus is shown on top, with the constructs generated for Ve expression in transgenic
plants below. Ve1 and Ve2 are schematically represented by an arrow indicating the orientation of the
open reading frame. Start codons are indicated by asterisks. The CDS of Ve1 and Ve2 was either fused
to the constitutive CaMV 35S promoter (P35S), or to (part of) the Ve intergenic region (IR).
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MoneyMaker
Ve1

plasm.
C

Ve2

Q

Ve1 Ve2

Ve1
Ve2
Actin
Supplemental Figure 6. RT-PCR of Ve1 and Ve2 expression in transgenic tomato lines. Tomato cultivar
MoneyMaker was engineered to express Ve1 or Ve2 driven by the CaMV 35S promoter. Transgene
expression was monitored by RT-PCR of Ve transcripts using RT-PCR of actin transcripts for equal
loading. The gels show expression levels for two independent representative lines for each construct,
and samples were composed of three plants per line. As controls, PCR was performed on wild type
MoneyMaker (C), the binary plasmid (plasm.) carrying the expression construct for Ve1 or Ve2, and a
no-template sample (Q).

Supplemental Table 1. Putative regulatory elements identified in the intergenic region of the Ve locus
of susceptible and resistant tomato genotypes.
Element
Name

Position of the element1

Description

Motelle

VFN8

GCR218

GCR26

5’UTR Pyrich stretch

2990

2990

2990

2954

5’UTR region conferring high transcription levels without TATA box
requirement (Daraselia et al., 1996)

ABRE

1918,
2318

1918,
2318

1918,
2318

1881,
1188,
2282

Cis-actin element for abscisic acid
responsiveness (Yamaguchi-Shinozaki
and Shinozaki, 1993; Baker et al.,
1994)

111

111

111

111

Fungal elicitor responsive element
(Rushton et al., 1996)

840

Regulatory element for cold- and
dehydration-responsiveness (Baker et
al., 1994)

735,
2907,
1487

Cis-acting regulatory element for
MeJA-responsiveness (Rouster et al.,
1997)

Box-W1
C-repeat/DRE

CGTCAmotif

736,
1524,
2943

736,
1524,
2943

ERE
MBS
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736,
1524,
2943
763

1776,
3383

1776,
3383

1776,
3383

Ethylene-responsive element (Itzhaki
and Woodson, 1993).
1739

MYB binding site involved in droughtinducibility (Yamaguchi-Shinozaki and
Shinozaki, 1993)

Ve1-mediated Verticillium resistance in tomato

Element
Name

Position of the element1

Description

Motelle

VFN8

GCR218

GCR26

TC-rich
repeats

238,
345,
694,
1563,
1816,
2434,
2844

238,
345,
694,
1563,
1816,
2434,
2844

345, 694,
1563,
1816,
2434,
2844

237,
344,
693,
1526,
1779,
2398,
2808

Cis-acting element involved in defense
and stress responsiveness (Diaz de
Leon et al., 1993)

TATA-Box

19,
3272,
3361

19,
3272,
3361

19, 3272,
3361

19,
3237,
3326

Core promoter element around -30 of
transcription start (Cordes et al., 1989;
Wingender et al., 1989; Keddie et al.,
1992; Beck et al., 1995; Sun et al.,
1996)

TCA-element

821,
1242,
2518,
2815,
3070

821,
1242,
2518,
2815,
3070

821,
1242,
2518,
2815,
3070

820,
1205,
2482,
2779,
3034

Cis-acting element involved in salicylic acid responsiveness (Hennig et
al., 1993; Pastuglia et al., 1997)

TGACGmotif

736,
1524,
2943

736,
1524,
2943

736,
1524,
2943

735,
1487,
2907

Cis-acting regulatory element involved
in MeJA-responsiveness (Rouster et
al., 1997)

Position of the element in the intergenic region of the tomato cultivars Motelle (resistant), VFN8
(resistant) Craigella GCR218 (resistant), and Craigella GCR26 (susceptible) is calculated from Ve2 to
Ve1. Strand orientation for localization of the element is indicated by regular font (forward strand) or
italics (reverse strand). Also refer to Supplemental Figure 1.
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Supplemental Table 2. Primers used in this study.
Primer name

Sequence (5’-3’) 1

Description2

LeActinF

CCATTCTCCGTCTTGACTTGG

Tomato actin (RT)

LeActinR

TCTTTCCTAATATCCACGTCAC

Tomato actin (RT)

LePp5F

TGTTGTTAAAGGCGTGCTGAAGCGA

Tomato protein phosphatase 5
(RT)

LePp5R

AAATGCCAACTGTCTCGCCTCTTCG

Tomato protein phosphatase 5
(RT)

NptIIF

CTCGTCAAGAAGGCGATAGAAGGCG

Kanamycin (RT)

NptIIR

GTGTGGCGGACCGCTATCAGGAC

Kanamycin (RT)

Oligo(dT)

TTTTTTTTTTTTTTTTTTTTTTTTT(a,g, or c)

Poly-T

Ve1F

CGCGGATCCATGAAAATGATGGCAACTCT

Ve1 (BamHI) (C, V)

Ve1R

GGCGCGCCTCACTTTCTTGAAAACGAAAGC

Ve1(AscI) (C)

Ve1QPCRF2

AACAGTTGTCAAAGCAATGGCTCAGCC

Ve1 (E)

Ve1QPCRR1

GAAAACCAAAGCAAGCATTTCTCCATATGC

Ve1 (E)

Ve2F

CGCGGATCCATGAGATTTTTACACTTTCT

Ve2 (BamHI) (C, V)
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Primer name

Sequence (5’-3’) 1

Description2

Ve2R

GGCGCGCCTCAAAACTTTTTGTGATATATGAC

Ve2 (AscI) (C, E)

Ve2SeqF7

GATTGGCAGTTCATATTTACGGG

Ve2 (E)

Ve1ProRegF

AATCATATTGGAGGCTTCC

Ve1 promoter (C)

VeProReg3R

TGCGCATTGGCGTGCAACAATACC

Ve1/Ve2 promoter (AviII) (C)

VeProReg3F

AGGGGACTGCTGAAATTGC

Ve2 promoter (C)

VeProRegF

TGCGCACAAGGCATTGAGAGGAAACC

Ve2 promoter (AviII) (C)

Ve2ProRegR

CATTCACTTGTGTTGTGGTTCC

Ve2 promoter (C)

Ve1VIGSspeR

GGTACCCCAAGAAAATGTGGTATCCTGA

Ve1 VIGS (KpnI) (V)

VeVIGSF2

GGATCCCATATTGAAATTAGCGTCTTGTCGG

Ve VIGS (BamHI) (V)

VeVIGSR1

GGTACCACCGAGAAAAAGGAGGCAAAAC

Ve VIGS (KpnI) (V)

Ve2VIGSspeR

GGTACCCAAGACATTGAGAGGAAACCAA

Ve2 VIGS (KpnI) (V)

M13F

CGCCAGGGTTTTCCCAGTCACGAC

pGEM-T (S)

M13R

TCACACAGGAAACAGCTATGAC

pGEM-T (S)

PWLSF4

CCTCTATATAAGGAAGTTCATTTC

pBluescript variant (S)

PWLSR

CACACAACTTTGATGCCCAC

pBluescript variant (S)

Ve1F

CGCGGATCCATGAAAATGATGGCAACTCT

Ve1 (BamHI) (S)

Ve1R

GGCGCGCCTCACTTTCTTGAAAACGAAAGC

Ve1(AscI) (S)

Ve1SeqF1

TTCAATGTTGGCATACCAGTTGG

Ve1 (S)

Ve1SeqF2

ATTGACCCTGGGCTCTTGTAATC

Ve1 (S)

Ve1SeqF3

GGAACAATTTACTCAGCGGGAGC

Ve1 (S)

Ve1SeqF4

GGTCTCACCCACCTGAATCTTTC

Ve1 (S)

Ve1SeqF5

GACTTGTTGATCATTTCCCATGC

Ve1 (S)

Ve1SeqF6

ACCTGTCAACAAACCACCTGTCC

Ve1 (S)

Ve1SeqR2

CATCCAAAGGGCCTGAAATTT

Ve1 (S)

Ve1SeqR3

TCTTGGACAGTCGAAAATATGGG

Ve1 (S)

Ve1SeqR4

CCATGACTGATTCTTGAGATCGG

Ve1 (S)

Ve1SeqR5

CCTTGTAAGTTATTCGCACTGA

Ve1 (S)

Ve1SeqR6

CAAGGGCATTGTGTGACAGATT

Ve1 (S)

NaVe1

CTTCCAACAACTGACAG

Ve1 (S)

aIVe1

CCTCCTCAGAGATCCA

Ve1 (S)

Ve1B

CCACCTGAATGGATCG

Ve1 (S)

aVe1A

GATCAAGAGTAACTAGCC

Ve1 (S)

Ve1C

CTGGTTTTGTCGGGCA

Ve1 (S)

aVe1C

GTATCCAACGGAGAGG

Ve1 (S)

Ve1D

CCCATGCATGTTGAGG

Ve1 (S)

aVe1D

GTTGTTGAGAGGGAGC

Ve1 (S)

Ve2F

CGCGGATCCATGAGATTTTTACACTTTCT

Ve2 (BamHI) (S)

Ve2R

GGCGCGCCTCAAAACTTTTTGTGATATATGAC

Ve2 (AscI) (S)
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Primer name

Sequence (5’-3’)1

Description2

Ve2SeqF1

GGAATGGGGTTACATGTGACCTC

Ve2 (S)

Ve2SeqF2

AGCTTGCGTACTTGTCGAATTTC

Ve2 (S)

Ve2SeqF3

TTCCAAGGGGCCAAGAAACTC

Ve2 (S)

Ve2SeqF4

ATTGAAATTAGCGTCTTGTCGGC

Ve2 (S)

Ve2SeqF5

TTGGAGTGCTGAATCTAGGGAAC

Ve2 (S)

Ve2SeqF6

TAATCATCAAAGGCATGGAGCTG

Ve2 (S)

Ve2SeqF7

GATTGGCAGTTCATATTTACGGG

Ve2 (S)

Ve2SeqR3

AAGGTTCGAAATGGTGTCTGGTA

Ve2 (S)

Ve2SeqR4

CCTTAAGCCTCCCAACTTCAAAC

Ve2 (S)

Ve2SeqR5

GCTACCGAGAAAAAGGAGGCA

Ve2 (S)

Ve2SeqR6

TGCGTCCTGTCTCCACGTAATC

Ve2 (S)

Ve2SeqR7

TTGGTGCTGGTTTCAACTCTGA

Ve2 (S)

IVe2

GTCTCGCCCTCCTGAAT

Ve2 (S)

aIVe2

CTCCACCACCAATTCC

Ve2 (S)

NaVe2

TGGACGGCGTAGGAGG

Ve2 (S)

NVe2

GCACGAGAGAAAAAACAACAAG

Ve2 (S)

Ve2A

TGGTATAGGCAACCTC

Ve2 (S)

aVe2A

GAGACCAGTTAGACCAT

Ve2 (S)

Ve2B

GAAGCTACCAAAATCGC

Ve2 (S)

aVe2B

TGCTAAGAATGTGAGAC

Ve2 (S)

aVe2C

GCGATACTTCAGAGTTG

Ve2 (S)

aVe2D

CTTGGTGTAGCTTAGTG

Ve2 (S)

VeProRegF4

AACAACCAACTCTCTGTCTCA

Intergenic region (S)

VeProRegR4

GTAGCACTTGTAATCATTCACC

Intergenic region (S)

aVe1up

GAAGTACAGAGTTGCC

Intergenic region (S)

VeI-1

CAGTTTTCTATGCTCGG

Intergenic region (S)

Ve1A

CCACTCATATATAGGCC

Intergenic region (S)

Ve IR-A

CCCTTATAAATGCTTCCC

Intergenic region (S)

aVeI-1

AACAAGAACTGTGTTG

Intergenic region (S)

Restriction sites are indicated in bold.
The type of experiment for which the primers were used is indicated in brackets (C: cloning, RT: realtime PCR, V: virus-induced gene silencing, E: expression analysis, S: sequencing).

1
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Supplemental Table 3. Copy number determination in transgenic tomato.
Transgenic line

NptII level1

Pp5 level2

NptII/Pp5 ratio

Copy number3

1

50.75

13.27

3.82

8

2

62.91

15.2

4.13

8

3

60.63

19.11

3.17

6

4

38.13

20.21

1.88

4

5

9.81

25.82

0.37

1

6

20.13

15.61

1.28

2

7

17.86

12.74

1.40

3

8

65.86

71.59

0.91

2

9

32.61

11.34

2.87

6

10

31.74

8.62

3.68

7

11

5.67

5.22

1.08

2

12

21.67

20.39

1.06

2

13

20.13

29.42

0.68

1

14

15.36

7.26

2.11

4

15

35.62

26.01

1.36

3

16

105.98

9.1

11.64

23

P35S:Ve1
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17

5.36

9.22

0.58

1

18

11.43

10.02

1.14

2

19

19.17

34.21

0.56

1

20

10.24

13.89

0.73

1

21

61.13

16.27

3.75

7

22

18.67

9.74

1.91

4

23

32.05

16.26

1.97

4

24

29.55

7.51

3.93

8

25

18.14

8.39

2.16

4

26

111.64

29.11

3.83

8

27

38.8

11.65

3.33

8

28

123.74

57.44

2.15

4

29

26.38

6.49

4.06

8

30

15.59

13.72

1.13

2

31

10.15

9.3

1.09

2

32

13

11.16

1.16

2

33

28.44

17.55

1.62

3

34

22.7

6.93

3.27

6
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Transgenic line

NptII level1

Pp5 level2

NptII/Pp5 ratio

Copy number3

35

26.8

17.65

1.51

3

36

84.88

17.05

4.97

10

37

3.35

6.31

0.53

1

38

20.12

16.02

1.25

2

39

15.54

9.23

1.68

3

1

9

18.95

0.47

1

2

50.84

15.22

3.33

6

3

19.92

12.04

1.65

3

4

7.89

8.93

0.88

2

5

0.7

3.39

0.2

0

6

22.19

7.95

2.79

6

7

46.44

32.53

1.42

3

8

108.6

58.61

1.85

4

9

25.81

19.14

1.34

2

10

107.15

17.97

5.96

12

11

224.74

18.87

11.9

24

1

0.10

0.09

1.21

3

2

2.51

0.33

7.72

15

3

0.06

0.03

2.07

4

4

0.04

0.07

0.59

1

5

0.20

0.14

1.42

3

6

0.06

0.04

1.50

3

7

0.27

0.22

1.21

3

8

0.09

0.08

1.09

2

9

0.07

0.08

0.81

2

10

0.06

0.09

0.66

1

11

0.21

0.09

2.24

4

12

0.17

0.11

1.59

3

13

0.15

0.17

0.89

2

14

0.13

0.03

3.75

8

15

0.43

0.59

0.72

1

16

0.07

0.07

1.01

2

17

0.08

0.11

0.68

1

18

0.20

0.21

0.96

2

PVe1:Ve1

P35S:Ve2
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Transgenic line

NptII level1

Pp5 level2

NptII/Pp5 ratio

Copy number3

1

36.6

6.96

5.25

10

2

47.76

24.93

1.91

4

3

13.47

11.45

1.17

2

4

34.32

26.14

1.31

2

5

20.03

18.44

1.08

2

6

93

23.52

3.95

8

7

5.96

5.79

1.02

2

8

77.43

19.47

3.97

8

9

54.4

15.95

3.41

7

10

59.41

14.86

3.99

8

PVe2:Ve2

Quantification of the neomycin phosphotransferase II (NptII) transgene selection marker in the PCR
reaction by real-time PCR.
2
Quantification of the homozygous single copy tomato protein phosphatase 5 (Pp5) gene in the PCR
reaction by real-time PCR.
3
A ratio of ~0.5 corresponds to a single copy of the transgene
1
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Abstract
Verticillium dahliae and V. albo-atrum are soil-borne pathogens and causal agents
of vascular wilt diseases. These two species have a wide host range estimated to
be over 200 dicotyledonous species. In tomato (Solanum lycopersicum), resistance
against race 1 strains, but not race 2 strains, of V. dahliae and V. albo-atrum is
mediated by Ve1. Although unraveling the genetics of Ve1-mediated resistance in
tomato has been successful so far, study of Ve1-mediated resistance can be facilitated
through the use of the close relative model plant Nicotiana benthamiana. Challenge
of wild type plants with race 1 and race 2 strains of V. dahliae and V. albo-atrum
demonstrated that N. benthamiana is susceptible to both Verticillium species. In
order to obtain Verticillium wilt resistant plants, N. benthamiana was engineered to
express the tomato Ve1 coding sequence. Surprisingly, out of thirteen independent
transgenic lines that were generated, six showed clear phenotypic aberrancies that
included severe stunting and malformed leaves when compared to wild type plants.
The seven Ve1-transgenic lines that did not show any phenotypic alterations were
challenged with race 1 and race 2 strains. The pathogen assays indicated that in a
minority of lines, expression of the Ve1 transgene only temporarily reduced disease
development. The other lines were as susceptible as wild type. In conclusion, the
Ve1-transgenic N. benthamiana lines can not be used for the study of Ve1-mediated
resistance signaling.

Introduction
Verticillium wilt diseases are caused by the soil borne fungal pathogens Verticillium
dahliae and V. albo-atrum. Collectively, the two species infect over 200
dicotyledonous hosts (Pegg and Brady, 2002; Fradin and Thomma, 2006). In several
plant species, such as alfalfa (Medicago sativa), cotton (Gossypium hirsutum), potato
(Solanum tuberosum), strawberry (Fragaria vesca), and sunflower (Helianthus
annuus), polygenic as well as monogenic resistance against Verticillium has been
described. However, only from tomato (Solanum lycopersicum) a locus responsible
for Verticillium resistance has been cloned (Kawchuk et al., 2001). The Ve locus
is composed of two closely linked genes, Ve1 and Ve2, which encode extracellular
leucine-rich repeat (eLRR) proteins that belong to the receptor-like protein (RLP)
class of resistance proteins (Kawchuk et al., 2001; Wang et al., 2010a). V. dahliae
and V. albo-atrum race 1 strains are contained by this locus while race 2 strains are
not (Schaible et al., 1951; Pegg, 1974). Although it was previously demonstrated that
Ve1 and Ve2 independently confer resistance against a race 1 strain of V. albo-atrum

58

Functionality of Ve1 in Nicotiana benthamiana
when expressed in potato (Kawchuk et al., 2001), we recently showed that only Ve1
provides resistance against various race 1 strains from both Verticillium species in
tomato (Fradin et al., 2009).
To characterize Ve1-mediated resistance, genetic studies of Ve1 downstream
signaling have been carried out (Hu et al., 2005; Fradin et al., 2009; Vossen et al.,
2010). So far, these studies have mostly relied on transient silencing of tomato
candidate genes in Ve1-carrying tomato lines followed by inoculation with race
1 Verticillium strains (Fradin et al., 2009; Vossen et al., 2010). An additional
molecular tool that can be exploited to study the role of candidate genes in the
Verticillium-tomato interaction is the transient expression of candidate genes via the
Agrobacterium tumefaciens transient transformation assay (ATTA, agroinfiltration)
(Rossi et al., 1993; Kapila et al., 1997). However, the transformation efficiency is
largely determined by the compatibility of plant and bacterium, and in the case of A.
tumefaciens and tomato agroinfiltration is notoriously difficult. This is due to the fact
that many A. tumefaciens strains elicit necrosis in tomato irrespective of the gene
that is expressed (van der Hoorn et al., 2000; Wroblewski et al., 2005), which might
be related to induction of basal defense.
Perception of elicitors from Cladosporium fulvum and Trichoderma viride in
tomato is governed respectively by Cf and LeEIX receptors that, like Ve1, belong to
the RLP class of resistance proteins (Jones et al., 1994; Dixon et al., 1996; Thomas,
1997; Ron et al., 2000; Ron and Avni, 2004). To study Cf and LeEIX-mediated
signaling, the model plant N. benthamiana (Goodin et al., 2008) is frequently used
(Rowland et al., 2005; Gabriëls et al., 2006; Bar and Avni, 2009; Bar et al., 2010;
Vossen et al., 2010). This plant does not develop necrosis upon agroinfiltration (van
der Hoorn et al., 2000; Wroblewski et al., 2005), and high-throughput agroinfiltration
assays were developed to facilitate functional analysis of candidate genes with
respect to their role in Cf- or LeEIX-mediated resistance (van der Hoorn et al., 2000).
Furthermore, since N. benthamiana is a close relative of tomato, a high level of
coding sequence homology is generally shared between orthologues (Rensink et
al., 2005) allowing tomato sequences to be used to identify or silence homologous
target genes in N. benthamiana (Gabriëls et al., 2006; Senthil-Kumar et al., 2007;
Velasquez et al., 2009). Reversely, N. benthamiana sequences have been used to
identify or silence homologous target genes in tomato (Rowland et al., 2005; SenthilKumar et al., 2007; Velasquez et al., 2009; Fradin et al., 2009).
In this study, we aimed to exploit N. benthamiana as a tool to study Ve1mediated signaling. To this end, N. benthamiana was genetically transformed to
constitutively express Ve1 and the results of the analysis of the transformants are
reported here.
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Results and discussion
V. dahliae is a pathogen of a broad host range that includes many Solanaceae species.
To investigate whether wild type N. benthamiana is susceptible to race 1 strains of
V. dahliae and can be used for transgenic expression of tomato Ve1, several race 1
and race 2 isolates were inoculated on 4-week-old N. benthamiana plants. Already
one week after inoculation, all inoculated plants developed clear symptoms of wilt
disease which aggravated over time (Figure 1). This suggests that no functional
Verticillium resistance gene is present in wild type N. benthamiana that is able to
contain any of the tested isolates that are classified as race 1 or race 2 on tomato.
To exploit N. benthamiana as a model for functional analysis of candidate
genes that may be involved in Ve1-mediated signaling, plants were engineered to
express the tomato Ve1 gene. To this end, a construct composed of the Ve1 coding
sequence (CDS) from Motelle (FJ464556) driven by the CaMV 35S promoter
(P35S:Ve1) that was previously shown to provide resistance when introduced into a
susceptible tomato line, was used (Fradin et al., 2009). Surprisingly, out of thirteen
independent transgenic lines that were generated in this study, six showed clear
phenotypic aberrancies that included severe stunting and malformed leaves when
compared to wild type plants (Figure 2).
It has previously been reported that overexpression of resistance genes can
lead to the constitutive induction of plant defense, which may result in altered plant
growth (Hammond-Kosack and Parker, 2003; Gurr and Rushton, 2005a; Gurr and
Rushton, 2005b). To investigate whether the phenotypic aberrancies could possibly
be correlated with high Ve1 expression levels, RT-PCR was performed on cDNA of
plants from a line that displayed phenotypically normal development and two lines
that displayed clear phenotypic aberrancies. Interestingly, this analysis showed that
Ve1 expression was significantly higher in the aberrant lines when compared with
the lines without a visible phenotype (Figure 3), suggesting that high expression
levels of Ve1 interfere with development of N. benthamiana. However, further
expression analysis with more Ve1-expressing lines is required to confirm this
hypothesis. Furthermore, it should be noted that the engineering of Ve1-expressing
N. benthamiana plants requires in vitro tissue culture and plant regeneration steps. It
has been reported that both steps can lead to somaclonal variations, such as altered
ploidy levels, that can affect development of the regenerated explant (Larkin and
Scowcroft, 1981; Jacobs and Yoder, 1989; Nikova et al., 1998; Cassells and Curry,
2001; Ellul et al., 2003; Filipecki and Malepszy, 2006). Therefore, as an alternative
for high Ve1 expression levels, the phenotypic aberrancies of the Ve1-transgenic lines
could be explained by somaclonal variations. For instance, the ploidy level in the
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aberrant plants might deviate from that of the progenitor line. However, at this point
the ploidy levels of the transgenic lines remain to be analyzed. Nonetheless, as it
was our aim to engineer Ve1-transgenic N. benthamiana to study Ve1 signaling we
did not further focus on explaining the cause of aberrant growth of the transgenes.
race 1

mock

JR2

St15.01

race 2

CBS321.91

VA1

Figure 1. N. benthamiana inoculated with race 1 and race 2 strains of two Verticillium species. Typical
appearance of wild type N. benthamiana upon mock-inoculation or upon inoculation with race 1 strains
of V. dahliae (JR2 and St15.01) or upon inoculation of race 2 strains of V. dahliae (CBS321.91) and V.
albo-atrum (VA1). Photographs were taken three weeks post inoculation.

B

A

control

1

2

3

control

2

3

Figure 2. Developmental phenotypes upon overexpression of Ve1 in N. benthamiana. Typical examples
of 24-day-old (A) and 8-week-old (B) plants of three Ve1-transgenic lines. Wild type N. benthamiana
(control), a transgenic line that displays a normal developmental phenotype (1), and two transgenic
lines that display aberrant development (2 and 3) are shown.

P35S:Ve1
1
Ve1
Actin

2

3

C Q

Figure 3. RT-PCR of Ve1 expression in transgenic N. benthamiana
lines. Plants were engineered to heterologously express Ve1 driven
by the CaMV 35S promoter (P35S:Ve1). Transgene expression was
monitored by RT-PCR of Ve1 transcripts, using RT-PCR of actin
transcripts for equal loading. The photographs show expression levels
for a transgenic line that displays a normal developmental phenotype
(1), two transgenic lines that display aberrant development (2 and 3),
wild type N. benthamiana (C) and a no-template sample (Q).
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Since the objective of this study was to obtain Verticillium-resistant N.
benthamiana, the plants from the seven Ve1-transgenic lines that did not show
phenotypic alterations were challenged with a race 1 strain of V. dahliae (St15.01)
which is mildly virulent on N. benthamiana plants (Figure 1). Interestingly, at 2
weeks post inoculation with strain St15.01, three of the seven Ve1-transgenic lines
were less stunted and showed reduced levels of chlorosis and wilting when compared
with inoculated control plants (Figure 4B, Table 1). Nevertheless, two weeks later
also these plants displayed severe symptoms of Verticillium wilt disease (Table 1).
In addition, one of the lines that showed delayed susceptibility upon inoculation
with strain St15.01 was challenged with the race 1 V. dahliae strain JR2, which
is highly virulent on N. benthamiana (Figure 1). At a concentration of 104 spores
per ml, the delayed susceptibility of this line was also observed, as two out of five
plants showed less disease symptoms when compared to inoculated control plants.
However, when two of the lines that showed delayed susceptibility towards strain
St15.01 were challenged with strain JR2 at a spore concentration of 106 spores per
ml (Figure 1), all lines were as susceptible as the inoculated control line (Table 2).
Finally, the Ve1-transgenic lines that did not show any phenotypic alterations were
challenged with a race 2 strain of V. dahliae and of V. albo-atrum (CBS32191 and
VA1, respectively), showing that all lines were as diseased as the inoculated control
A

control

B

mock

1

2

V. dahliae race 1

control

1

2

C

V. dahliae race 2

control

1

2

Figure 4. Ve1-transgenic N. benthamiana inoculated with V. dahliae. (A) Typical appearance upon
mock-inoculation of two normally developing Ve1-transgenic lines (1 and 2) and the non-transgenic
control line (control). (B) Two normally developing Ve1-transgenic lines (1 and 2) and the non-transgenic
control line (control) inoculated with a mildly aggressive race 1 strain of V. dahliae (St15.01) showing
one line (1) with clearly reduced disease incidence. (C) Two normally developing Ve1-transgenic lines
(1 and 2) and the non-transgenic control line (control) inoculated with a race 2 strain of V. dahliae
(CBS32191). Photographs were taken two weeks post inoculation.
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line (Figure 4C, Tables 1 and 2). Overall, the pathogen assays indicate that expression
of the Ve1 transgene only temporarily reduce disease development in three of the
transgenic N. benthamiana lines and only when a mildly virulent V. dahliae race 1
strain was used or when an aggressive isolate was used at a low inoculum density.
At this point we speculate that the Ve1 expression levels was low enough in order
to prevent phenotypic aberrancies in the normal developing lines, but too low to
establish robust resistance against race 1 strains of Verticillium. In any case, we
conclude that we can not use the Ve1-transgenic N. benthamiana lines for the study
of Ve1-mediated resistance signaling.
Table 1. Verticillium wilt disease on transgenic N. benthamiana
V. dahliae race 1
(St15.01)
N. benthamiana
genotype

Line

No. of
plants
tested

Diseased
plants
(%)

No. of Diseased
diseased
plants
plants *
(%)

No. of
plants
tested

No. of
diseased
plants *

Diseased
plants
(%)

14 days after
inoculation

28 days after
inoculation

4

4

100

4

100

4

4

100

1

4

4

100

4

100

4

4

100

2

4

2

50

4

100

4

4

100

3

4

4

100

4

100

4

4

100

4

4

2

50

4

100

4

4

100

5

4

1

25

4

100

4

3

75

6

4

4

100

4

100

4

4

100

7

4

3

75

4

100

4

4

100

Control
P35S:Ve1

No. of
diseased
plants *

V. dahliae race 2
(CBS32191)

14 days after
inoculation

* Number of plant showing symptoms of Verticillium wilt disease such as stunting, wilting and/or
cholorosis.

Table 2. Verticillium wilt disease on transgenic N. benthamiana
V. dahliae race 1 (JR2)
N. benthamiana Line
genotype
Control
P35S:Ve1

V. dahliae race 2 (VA1)

No. of
plants
tested

No. of
diseased
plants *

Diseased
plants
(%)

No. of
plants
tested

No. of
diseased
plants *

Diseased
plants
(%)

4

4

100

4

4

100

2

4

4

100

4

4

100

5

4

4

100

4

4

100

* Number of plant showing symptoms of Verticillium wilt disease such as stunting, wilting and/or
cholorosis.
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Material and methods
Plant manipulations
N. benthamiana was grown in soil in the greenhouse at 21/19°C during 16/8 hour day/
night periods at 70% relative humidity and 100 W/m2 supplemental light when the
intensity dropped below 150 W/m2. For Verticillium inoculations, 2- to 3-week-old N.
benthamiana plants were uprooted and the roots were rinsed in water. Subsequently,
unless specified otherwise, the roots were dipped for 3 minutes in a suspension of
106 conidia per ml of water, harvested from 1- to 2-week-old Verticillium cultures
on potato dextrose agar (Oxoid). Control plants were treated similarly, but their
roots were dipped in water without conidia. After replanting in fresh soil, disease
development was monitored up to 4 weeks after inoculation.
Engineering of transgenic plants
N. benthamiana seedlings were grown aseptically onto Murashige and Skoog (MS)
agar medium supplemented with vitamins (Duchefa, Haarlem, The Netherlands). After
15 days, cotyledons were harvested, placed on solidified MS medium supplemented
with vitamins and 6-bezylaminopurine (BAP, 1 mg/L). A. tumefaciens carrying the
construct P35S:Ve1 was grown in yeast extract broth (YEB) supplemented with
kanamycin (50 mg/L) until an OD600 ≤1. Subsequently this culture was diluted
four times in fresh YEB and incubated for six hours. Next, one ml of the culture
was centrifuged and the cell pellet was resuspended in 15 ml of MS medium (pH
5.8) supplemented with vitamins and 200 mM of acetosyringone. Five µl of this A.
tumefaciens suspension was inoculated onto the cotyledons and incubated at 22°C
for three days. Subsequently, the cotyledons were transferred every two weeks onto
fresh MS agar supplemented with vitamins, kanamycin (100 mg/L) and timentin
(ticarcilline: potassium clavulanate, 15:1, 200 mg/L). When calli appeared, they were
transferred onto shoot-inducing medium consisting of MS agar supplemented with
vitamins, 1-naphtahleneacetic acid (NAA, 0.1 mg/L), BAP (1 mg/L), 3% sucrose,
kanamycin (100 mg/L) and timentin (200 mg/L), and transferred to fresh medium
every two weeks. Upon shoot development, the shoots were transferred onto rootinducing medium consisting of MS agar supplemented with vitamins, NAA (0.1
mg/L), 3% sucrose, kanamycin (50 mg/L) and timentin (200 mg/L), and transferred
to fresh medium every two weeks. Upon root regeneration, the plantlets were
transferred to soil and grown under standard greenhouse conditions. Transgene copy
number was determined by analyzing the segregation between antibiotic resistant
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and susceptible plants of each progeny.
Expression analysis
To analyze Ve1 transgene expression in N. benthamiana, total RNA was isolated
from leaf material. Total RNA was isolated using the RNeasy kit (Qiagen) and used
for cDNA synthesis using an oligo(dT) primer (Table 3) and the SuperScript III
reverse transcriptase kit (Invitrogen), according to the manufacturer’s instructions.
RT-PCR was conducted with Ve-specific primers (Table 3), and thermocycling
conditions consisted of an initial denaturation step of 10 minutes at 95ºC, followed
by denaturation for 15 sec at 95ºC, annealing for 30 sec at 60ºC, and extension for
1 minute at 72ºC for 30 cycles. N. benthamiana actin was used as internal standard
(Table 3).
Table 3. Primers used in this study
Primer name

Sequences (5’-3’)

Description

NbActinF

ATGGCAGATGGAGAGGATATTC

N. benthamiana actin

NbActinR

CCTGCCCATCCGGTAGCTCAT

N. benthamiana actin

Oligo(dT)

TTTTTTTTTTTTTTTTTTTTTTTTT(a,g, or c)

Poly-T

Ve1QPCRF2

AACAGTTGTCAAAGCAATGGCTCAGCC

Ve1

Ve1QPCRR1

GAAAACCAAAGCAAGCATTTCTCCATATGC

Ve1
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Abstract
Verticillium dahliae, V. albo-atrum and V. longisporum are soil-borne pathogens and
causal agents of vascular wilt disease. While V. dahliae and V. albo-atrum have a
wide host range, estimated to be over 200 dicotyledonous species, V. longisporum
only infects hosts that belong to the Brassicaceae family. In tomato (Solanum
lycopersicum), resistance against race 1, but not race 2, strains of V. dahliae and V.
albo-atrum is mediated by Ve1. Although unraveling the genetics of Ve1-mediated
resistance in tomato has been successful, study of Ve1-mediated resistance can be
facilitated through the use of the model plant Arabidopsis (Arabidopsis thaliana).
To this end, Ve1 was expressed in susceptible Arabidopsis plants. Upon challenge
with race 1 strains of V. dahliae or V. albo-atrum, Ve1-expressing plants were
found to be resistant. In contrast, Ve1-expressing plants were susceptible to race
2 strains of both V. dahliae and V. albo-atrum. Furthermore, expression of Ve1 in
Arabidopsis plants did not contain V. longisporum strains. Through Ve1-expression
in Arabidopsis defense signaling mutants, we demonstrate that signaling downstream
of Ve1 is highly conserved between tomato and Arabidopsis. In conclusion, based
on the characterization of Ve1 functionality, specificity and downstream signaling in
Arabidopsis plants, our results demonstrate that Ve1-expressing Arabidopsis can be
used as a model to study Ve1-mediated resistance in tomato.

Introduction
Verticillium wilt, caused by species of the soil borne fungal pathogen genus
Verticillium, is a devastating vascular plant disease occurring in temperate and
subtropical regions (Tjamos, 1989). The disease has been reported on diverse annual
and perennial plants, including vegetables, fruits, ornamentals, fiber crops, and
woody perennials (Pegg and Brady, 2002; Schnathorst, 1981). While V. dahliae and
V. albo-atrum collectively infect over 200 dicotyledonous hosts, including many
economically important crops (Agrios, 1997; Pegg and Brady, 2002; Fradin and
Thomma, 2006), V. longisporum only infects hosts that belong to the Brassicaceae
(Koike et al., 1994; Karapapa et al., 1997; Steventon et al., 2002; Barbara and
Clewes, 2003). Reports of disease outbreaks continuously appear, maintaining the
disease threat (Bhat et al., 2003; du Toit et al., 2005; Vallad et al., 2005; Klosterman
et al., 2009a). Control of Verticillium wilt disease is difficult since no fungicides
are available to cure infected plants. Furthermore, crop rotation is ineffective due
to the broad host range and the production of extremely persistent resting structures
(microsclerotia) in the soil (Wilhelm, 1955; Evans et al., 1967; Grogan et al., 1979).
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Although not available for all host plants, the use of resistant cultivars is the preferred
method to control Verticillium wilt disease (Klosterman et al., 2009b).
In several plant species, such as alfalfa (Medicago sativa), cotton (Gossypium
hirsutum), potato (Solanum tuberosum), strawberry (Fragaria vesca), and sunflower
(Helianthus annuus), polygenic as well as monogenic Verticillium resistance has
been described (Putt, 1964; Huang, 2003; Bolek et al., 2005; Simko et al., 2004b;
Zebrowska et al., 2006). However, only from tomato (Solanum lycopersicum) a
Verticillium resistance (Ve) locus, composed of two genes, Ve1 and Ve2, has been
cloned (Kawchuk et al., 2001). V. dahliae and V. albo-atrum strains that are contained
by the Ve locus are assigned to race 1, while other strains are referred to as race
2 (Schaible et al., 1951; Pegg, 1974). Domain predictions revealed that both Ve1
and Ve2 encode cell surface receptor proteins belonging to the extracellular Leurich repeat (eLRR) receptor-like protein (RLP) class of disease resistance proteins
(Kawchuk et al., 2001; Wang et al., 2010a). Although it was previously claimed that
Ve1 and Ve2 independently confer resistance against a race 1 strain of V. albo-atrum
when expressed in potato (Kawchuk et al., 2001), we recently showed that only Ve1
provides resistance against race 1 strains from both V. dahliae and V. albo-atrum in
tomato (Fradin et al., 2009).
Following the cloning of tomato Ve genes (Kawchuk et al., 2001), putative Ve
orthologues have been identified in wild relatives of eggplant (Solanum torvum; StVe)
and tomato (Solanum lycopersicoides; SlVe), and in cultivated potato (S. tuberosum;
StVe) (Chai et al., 2003; Fei et al., 2004; Simko et al., 2004a). Interestingly, putative
Ve orthologues (mVe1) were also found outside the Solanaceae family, in species
belonging to the Lamiaceae family (Mentha longifolia: mint and M. spicata:
spearmint) (Vining et al., 2007; Vining and Davis, 2009). However, evidence
implicating the Ve homologues in Verticillium resistance, such as complementation
of susceptible cultivars with these candidate genes, is lacking.
Recently, the genetic basis of Ve1-mediated signaling in tomato has
been addressed (Fradin et al., 2009; Vossen et al., 2010). Based on their known
involvement in disease resistance (Century et al., 1995; Parker et al., 1996; Aarts et
al., 1998; Yun et al., 2003; Heese et al., 2007; Chinchilla et al., 2007b) a number of
candidate genes was tested for a role in Ve1-mediated resistance, revealing several
required components. These include the tomato homologues of Arabidopsis Eds1
(for Enhanced Disease Susceptibility1; Hu et al., 2005), Ndr1 (for Non-race-specific
Disease Resistance), and the putative tomato homologue of Arabidopsis SERK3/
BAK1 (for Somatic Embryogenesis Receptor Kinase3/Brassinosteroid-Associated
Kinase1).
Considering the broad host range of Verticillium species (Pegg and Brady,
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2002) and the successful transfer of the tomato Ve1 gene to potato where it also
provided resistance (Kawchuk et al., 2001) we hypothesize that Verticillium
resistance might be achieved in non-Solanaceous plants by transferring Ve1. As
mentioned previously, several species among the Brassicaceae family are hosts of
Verticillium species, including Arabidopsis (Veronese et al., 2003; Tjamos et al.,
2005; Ellendorff et al., 2009). Arabidopsis is a well characterized plant model of
which the genome is sequenced and large collections of mutants are available (Kaul
et al., 2000; O’Malley and Ecker, 2010; Koornneef and Meinke, 2010; Nishimura
and Dangl, 2010). Therefore, to test our hypothesis, we have selected Arabidopsis as
a host to generate stable transgenic lines that express the Ve1 gene.

Results
Arabidopsis is a true host for Verticillium
Arabidopsis is a widely used model for the genetic characterization of disease
signaling (Thomma et al., 2001; Nishimura and Dangl, 2010). Although it has
been reported that Arabidopsis is a host for V. dahliae (Veronese et al., 2003;
Tjamos et al., 2005; Ellendorff et al., 2009), it has not been demonstrated that V.
dahliae behaves like a true vascular pathogen and colonizes the vascular tissues of
Arabidopsis plants. Therefore, the colonization of Arabidopsis roots by a transgenic
V. dahliae strain constitutively expressing GFP was studied. To this end, threeweek-old hydroponically grown Arabidopsis plants (Figure 1A) were inoculated by
adding conidia to the medium and colonization was monitored up to 17 days after
inoculation. Clear fungal colonization inside the roots was observed at 12 days after
inoculation (Figure 1B and C). To precisely localize the fungus in the root, confocal
Figure 1. Vascular colonization of Arabidopsis
by a GFP-expressing V. dahliae strain. (A) Fourweek-old hydroponically grown Arabidopsis
Col-0 plants used for vascular colonization studA
B
C ies. (B, C) Microscopical observation of ArabiD
E
F dopsis roots infected by transgenic V. dahliae
overexpressing GFP at 12 days after inoculation. (D-F) Confocal observation of Arabidopsis
xylem vessels infected by transgenic V. dahliae
overexpressing GFP at 17 days after inoculation.
50 µm
50 µm
50 µm
The scale bars represent 50 µm. (D) Image from
the bright field channel of an Arabidopsis root with xylem vessels indicated by an arrow. (E) Image
from the GFP channel of the same view as in (D) showing GFP-expressing V. dahliae. (F) Overlay of
(D) and (E).
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microscopy was used showing that the GFP-expressing fungus was found within
xylem vessels (Figure 1D-F).
Tomato Ve1 is functional against Verticillium race 1 in Arabidopsis
Although the transfer and functionality of a race-specific resistance gene in a plant
species belonging to another family than that of the endogenous host has never
been reported, functionality of Ve1 in Arabidopsis was investigated. To this end,
susceptible wild type plants of the ecotypes Col-0 and Ws-0 were transformed
with the tomato Ve1 coding sequence (CDS) driven by the cauliflower mosaic
virus (CaMV) 35S promoter (P35S:Ve1) (Fradin et al., 2009) (Figures 2 and 3).
As a control, the tomato Ve2 CDS driven by the 35S promoter (P35S:Ve2) was
transformed into both ecotypes (Fradin et al., 2009) (Figures 2 and 3). For each
construct and plant genotype, at least 2 independent transgenic lines were used and
no developmental aberrations were observed in the transgenic plants (Figure 5).
Each line was challenged with a race 1 strain of V. dahliae or of V. albo-atrum.
Similar to tomato (Fradin et al., 2009), transgenic plants expressing Ve2 were as
diseased as non-transgenic plants and displayed typical Verticillium wilt symptoms
including stunting, wilting, anthocyanin accumulation, chlorosis, early senescence
and necrosis (Figures 4B, and 5A). In contrast, Col-0 and Ws-0 plants expressing Ve1
were clearly resistant to Verticillium infection. Few, if any, symptoms were observed
on the inoculated plants when compared to the inoculated wild type progenitors
or Ve2-transgenic plants (Figures 4A, 5A and 5B). When challenged with a race 2
strain of V. dahliae or of V. albo-atrum all lines showed typical Verticillium disease
symptoms (Figure 4C, 4D, and 5A).
Verticillium quantification in planta demonstrated that the enhanced resistance
in Ve1 transgenic lines correlates with strongly reduced fungal biomass (Figure 4E
Figure 2. Constructs used for
transgenic expression of Ve1 and
Ve locus
Ve2
Ve1
IR
Ve2. The genomic organization
P35S:Ve1
of the Ve locus is shown on top,
P35S
Ve1
with the constructs generated
P35S:Ve2
Ve2
P35S
for Ve expression in transgenic
plants below. Ve1 and Ve2 are
PVe1:Ve1
IR
Ve1
schematically represented by an
PVe2:Ve2
Ve2
IR
arrow indicating the orientation
of the open reading frame. Start
codons are indicated by asterisks. The CDS of Ve1 and Ve2 was either fused to the constitutive CaMV
35S promoter (P35S), or to (part of) the Ve intergenic region (IR).

*

*

71

Chapter 4
and 4G). Our results demonstrate that, similar to tomato (Fradin et al., 2009), Ve1
provides resistance against race 1 Verticillium strains also in Arabidopsis, while
neither Ve1 nor Ve2 provides resistance against race 2 strains (Figures 4 and 5).
Figure 3. RT-PCR of Ve1 and
Ve2 expression in transgenic
Col-0 Ws-0 Col-0 Ws-0 C W Ve1 Ve2
Arabidopsis lines. Arabidopsis genotypes Col-0 and
Ve1
Ws-0 were engineered to
heterologously express Ve1
Ve2
or Ve2 driven by the CaMV
35S promoter (P35S:Ve1
Actin
and P35S:Ve2, respectively).
Transgene expression was monitored by RT-PCR of Ve transcripts using RT-PCR of actin transcripts
for equal loading. The gels show expression levels for two independent representative lines for each
construct, as well as wild types Col-0 (C) and Ws-0 (W); samples were composed of three plants per
line. As controls, PCR was performed on the binary plasmid (plasm.) carrying the construct for Ve1 or
Ve2, and a no-template sample (Q).
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CaMV 35S promoter (P35S:Ve1 and P35S:Ve2, respectively). Plants were inoculated with V. dahliae
race 1 (E,. F) or V. albo-atrum race 2 (G, H). Bars represent the level of Verticillium internal transcribed
spacer (ITS) transcript relative to the transcript level of Arabidopsis Rubisco (for equilibration) with
standard deviation in a sample of 4 pooled plants. The relative quantification for Col-0 (control) is set
to 100%. (A-H) For each construct two transgenic lines are shown (1, 2). Asterisks indicate significant
differences when compared with Col-0 (P<0.05).
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Figure 5. Transgenic expression of Ve1, but not of Ve2, mediates Verticillium resistance in Arabidopsis.
Arabidopsis Col-0 and Ws-0 were engineered to express tomato Ve1 or Ve2 driven by the CaMV 35S
promoter (P35S:Ve1 and P35S:Ve2, respectively). (A) Typical appearance of non-transgenic control
lines (control) and transgenic lines upon mock-inoculation or inoculation with strains of V. dahliae and
V. albo-atrum (V. a-a) that belong to either race 1 or race 2. (B) Typical appearance of the non-transgenic
Ws-0 control line (control) and a corresponding representative P35S:Ve1 line upon inoculation with
four different V. longisporum strains (1-4).
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Tomato Ve1 is not functional against V. longisporum in Arabidopsis
While the species V. dahliae and V. albo-atrum are characterized by broad host
ranges, V. longisporum strains solely infect hosts that belong to the Brassicaceae
family, including Arabidopsis (Karapapa et al., 1997; Steventon et al., 2002; Barbara
and Clewes, 2003). To investigate whether Ve1-expression also provides resistance
against V. longisporum, Ve1-transgenic Arabidopsis lines of the Ws-0 ecotype were
challenged with four different V. longisporum strains. However, Ve1-transgenic
plants were clearly diseased and showed typical Verticillium wilt symptoms that
were comparable to those displayed by the progenitor line (Figure 5B).
Ve1 driven by its native promoter provides resistance against Verticillium race 1
The functionality of the Ve1 gene was further investigated by expressing the Ve1
CDS driven by its native tomato promoter (PVe1:Ve1, Figure 2) (Fradin et al., 2009).
To this end, plants of the Col-0 ecotype were transformed with PVe1:Ve1 while a
construct for Ve2 expression driven by the tomato Ve2 promoter (PVe2:Ve2, Figure
2) was used as a control (Fradin et al., 2009). For each construct, 2 independent
transgenic lines were challenged with a V. dahliae race 1 strain. Plants carrying
PVe1:Ve1, but not PVe2:Ve2, showed significantly less Verticillium wilt symptoms
and fungal biomass accumulation when compared to Col-0 control (Figure 6). This
indicates that the native Ve1 promoter is also functional in Arabidopsis. However,
the reduction in Verticillium symptoms as well as fungal biomass accumulation
was higher in the P35S:Ve1-expressing lines than in the PVe1:Ve1-expressing lines
(Figures 4 and 6).
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control

D

*

1
2
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120
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1
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R.Q. (%)
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400
200
0
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Figure 6. Expression of Ve1, but not of Ve2, driven by its respective tomato native promoter reduces
Verticillium wilt disease in Arabidopsis. Arabidopsis Col-0 was engineered to express tomato Ve1
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or Ve2 driven by their respective native promoters (PVe1:Ve1 and PVe2:Ve2, respectively). (A)
Typical appearance of non-transgenic Col-0 (control) and transgenic lines upon mock-inoculation
or inoculation with V. dahliae race 1. Quantification of Verticillium wilt symptoms (Sympt.) in
Arabidopsis Col-0 engineered to express tomato Ve1 (B) or Ve2 (C). Bars represent the quantification
of symptom development shown as the percentage of diseased rosette leaves with standard deviation.
The percentage for Col-0 (control) is set to 100%. Fungal biomass determined by quantitative real-time
PCR (R.Q.) in Arabidopsis Col-0 engineered to express tomato Ve1 (D) or Ve2 (E). Bars represent
the level of Verticillium internal transcribed spacer (ITS) transcript relative to the transcript level of
Arabidopsis Rubisco (for equilibration) with standard deviation in a sample of 4 pooled plants. The
relative quantification for Col-0 (control) is set to 100%. (B-E) For each construct two transgenic lines
are shown (1, 2). Asterisks indicate significant differences when compared with Col-0 (P<0.05).

Etr1, Ein3, Bak1, Jar1, Ndr1, and Npr1 are required for basal defense
To investigate signaling components required for Arabidopsis basal defense against
V. dahliae several defense signaling mutants were selected. These include mutants
deficient in hormone signaling such as ethylene (ET) (ein3-1 and etr1-1), salicylic
acid (SA) (eds1-2, eds5-1, npr1-3 and pad4-1), or jasmonic acid (JA) (coi1-16
and jar1-1), R-gene mediated signaling pathway (bak1-4, eds1-2 and ndr1-1),
phytoalexin synthesis (pad3-1 and pad4-1), and finally, mutants with altered
responses to pathogens (eds9-1 and edr1-1). All the mutants as well as Col-0, which
is the background ecotype of these mutants, were challenged with a V. dahliae race
1 strain. To assess the level of susceptibility, V. dahliae biomass was determined in
the mutants by real-time PCR and normalized to that in Col-0. When compared to
Col-0, no significant difference was observed in the mutant coi1-16, eds1-2, eds5-1,
eds9-1, edr1-1, pad3-1 and pad4-1. The mutants were as susceptible as Col-0 as
fungal biomass was comparable to that of Col-0 plants (Figures 7C, 8A, 8C and 8E).
Four mutants, bak1-1, jar1-1, ndr1-1 and npr1-1 were more susceptible to V. dahliae
as fungal biomass accumulation was significantly higher in these plants (Figures
7A, 8A, 8B and 8D). Finally, both ethylene mutants, etr1-1 and ein3-1, were less
susceptible to V. dahliae as they accumulated significantly less fungal biomass than
Col-0 plants (Figures 7B, 8A, and 8D).
Genetic dissection of Ve1-mediated resistance in Arabidopsis
In order to dissect the Ve1-mediated signaling pathway in Arabidopsis all mutants
mentioned in the above paragraph were transformed with the P35S:Ve1 construct.
No developmental aberrancies were observed in the obtained transgenic plants
(Figure 9). For each mutant, at least 2 independent transgenic lines carrying Ve1
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A

R.Q. (%)

were challenged with a race 1 strain of V. dahliae. Fungal biomass was determined
by real-time PCR in each transgenic line, normalized to the biomass of their
respective non-transgenic progenitors, and compared to biomass reduction observed
in Ve1-expressing Col-0 plants. Upon V. dahliae inoculation, neither the transgenic
ET and SA mutants tested (ein3-1, etr1-1, eds5-1, and npr1-3) nor the transgenic
defense signaling mutants eds9-1, edr1-1, and pad3-1 were compromised in Ve1mediated resistance (Figures 8A, 8D, 8E and 10B). For each transgenic line, the
Ve1-mediated fungal biomass reduction was comparable to that of Ve1-expressing
Col-0 (Figure 10B). Interestingly, Ve1-mediated resistance was impaired in the two
JA mutants, coi1-16 and jar1-1. Similar results were observed with the phytoalexindeficient mutant pad4-1, as well as with the known R-gene signaling mutants eds1-2,
bak1-4 and ndr1-1 (Figures 8A-C, and 10A). All the transgenic lines impaired in
Ve1-mediated resistance showed significantly less fungal biomass reduction when
compared to Ve1-expressing Col-0 plants (Figure 10A).
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Figure 7. Quantification of V. dahliae biomass in Arabidopsis defense signaling mutants. Fungal
biomass was determined by quantitative real-time PCR (R.Q.) in Col-0 and defense signaling mutants.
(A) Mutants that show enhanced susceptibility towards V. dahliae. (B) Mutants that show reduced
susceptibility towards V. dahliae. (C) Mutants for which fungal biomass is comparable to Col-0.
(A-C) Bars represent the level of Verticillium internal transcribed spacer (ITS) transcript relative to
the transcript level of Arabidopsis Rubisco (for equilibration) with standard deviation in a sample of
4 pooled plants. The relative quantification for Col-0 is set to 100%. Asterisks indicate significant
differences when compared with Col-0 (P<0.05).
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Figure 10. Ve1-mediated reduction of V. dahliae biomass in defense signaling mutants. Mutants for
which Ve1-mediated resistance is compromised (A) or not compromised (B). Fungal biomass was
determined by quantitative real-time PCR and represents the level of Verticillium internal transcribed
spacer (ITS) transcript relative to the transcript level of Arabidopsis Rubisco (for equilibration). Bars
represent the percentage of Ve1-mediated fungal biomass reduction (B.R.) in Ve1-expressing lines
when compared to the fungal biomass accumulated in the respective non-transformed progenitors, with
standard deviation in a sample of 4 pooled plants. Ve1-mediated fungal biomass reduction in Col-0 is set
to 100%. For each mutant two independent transgenic lines expressing Ve1 were tested (1, 2). Asterisks
indicate significant differences when compared with Col-0 (P<0.05).

Sequence comparison indicates that no RLP from ecotype Columbia-0 clusters with Ve1

As reported above, wild type Col-0 plants are susceptible to V. dahliae race 1 strain.
A possible explanation for this phenotype is that a Ve1 orthologue is either inactive
or absent in this ecotype. To address this question, the Arabidopsis RLP (AtRLP)
family was compared to Ve1. In Col-0, 57 AtRLPs have been identified (Wang et al.,
2008), of which the full length protein sequences were compared to Ve1 via a multiple
sequence alignment. To this comparison was added the full length sequences from
Ve2, four putative Ve orthologues, four tomato RLPs (Cfs; Jones et al., 1994; Thomas,
1997; and LeEIXs; Ron and Avni, 2004) that are responsive towards effectors from
Cladosporium fulvum and Trichoderma viride, respectively. Based on this alignment,
a phylogenetic analysis was carried out demonstrating that Ve1 and Ve2 form a clade
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with the putative Ve orthologue
from Solanaceae as well as the
non-Solanaceae families (Figure
11). Additionally, our data
showed that the Cfs and LeEIXs
proteins form two separate
clades. Interestingly, of the 57
Arabidopsis RLPs, none was
found to cluster with Ve1. These
findings were supported by a
pairwise amino acid sequence
comparison with Ve1, which
shows an overall low sequence
identity (28%, Figure 11)
between Ve1 and the AtRLPs.
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Figure 11. None of the AtRLP from Col0 clusters with tomato Ve1. Phylogenetic
tree obtained using full length protein
sequences from tomato Ve1 and Ve2,
putative Ve homologues from Solanum
torvum (StVe), Solanum licopersicoides
(SlVe1), Mentha longifolia (MlVe1),
Mentha spicata (MsVe1), four tomato
RLPs that recognize Cladosporium
fulvum’s elicitors (Cf-4, Cf-9) or
Trichoderma viride’s elicitors (LeEIX1,
LeEIX2), and the 57 RLPs of Col0. The percentage of replicate trees
in which the associated sequences
clustered together in the bootstrap test
(1000 replicates) are shown next to
the branches. Branches corresponding
to partitions reproduced in less than
50% bootstrap replicates are collapsed.
Numerical data were obtained from
a pairwise alignment of tomato Ve1
with each RLP sequence used in the
phylogenetic analysis. Amino acid
identities (Id.) and similarities (Si.)
are presented in percentages based on
pairwise alignments of the predicted
full length protein sequences.
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Discussion
Arabidopsis as a model to investigate Ve1-mediated resistance
To date, only one Verticillium resistance locus, the Ve locus that contains the Ve1 and
Ve2 genes, has been cloned from tomato (Kawchuk et al., 2001). Verticillium race
1 strains are contained by this locus while race 2 strains are not (Kawchuk et al.,
2001). So far, unraveling the genetics of Ve1-mediated resistance in tomato has been
successful (Hu et al., 2005; Fradin et al., 2009; Vossen et al., 2010). Nevertheless,
we anticipated that study of Ve1-mediated resistance would be facilitated by the use
of the model plant Arabidopsis (Nishimura and Dangl, 2010). To this end, plants of
two Arabidopsis ecotypes, Col-0 and Ws-0, were engineered to express Ve1 or Ve2
driven by the constitutive 35S promoter (Fradin et al., 2009). Overexpression of Ve2
in Arabidopsis plants did not alter the plants’ defense response towards V. dahliae
and V. albo-atrum, since upon inoculation with race 1 or race 2 strains all plants
were as diseased as the inoculated wild type plants. In contrast, plants carrying the
Ve1 transgene were resistant to race 1 strains of both V. dahliae and V. albo-atrum,
since the plants displayed little to no wilt symptoms and decreased fungal biomass
when compared with wild type plants. Furthermore, upon challenge with race 2
strains, Ve1-expressing plants were as diseased as Col-0 plants. These data show
that functionality and specificity of tomato Ve1 is fully maintained when expressed
in Arabidopsis.
The functionality of the native Ve1 promoter was also assessed in Arabidopsis.
Upon inoculation with a race 1 strain the Ve1 transgenic plants displayed fewer
symptoms and accumulated less fungal biomass when compared to wild type
plants. In tomato, expression studies demonstrated that Ve1 expression is induced
by V. dahliae inoculation (Fradin et al., 2009). Our results demonstrate that a similar
mechanism is present in Arabidopsis that allows the Ve1 transgene to be expressed at
the right time and place to control V. dahliae race 1 infection.
As mentioned previously, efforts to unravel the Ve1-mediated signaling
have been initiated in tomato (Hu et al., 2005; Fradin et al., 2009; Vossen et al.,
2010). Among others, Eds1, Bak1, and Ndr1 were found to be required for the Ve1mediated signaling (Hu et al., 2005; Fradin et al., 2009), while Npr1 was not (Fradin
et al., 2009). Involvement of these genes in Ve1-expressing Arabidopsis plants was
investigated. To this end, Arabidopsis lines with a mutated allele of Eds1, Bak1,
Ndr1, or Npr1 were engineered to express Ve1 and challenged with a V. dahliae race
1 strain. Interestingly, similar to the situation in tomato, Ve1-mediated resistance
in Arabidopsis requires the same three genes as Ve1-transgenic eds1-2, bak1-4 and
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ndr1-1 plants were compromised in Ve1-mediated resistance. In contrast, resistance
of Ve1-expressing npr1-3 plants was not compromised since fungal biomass reduction
was comparable to that in Ve1-expressing Col-0 plants.
Overall our Arabidopsis results demonstrate that Ve1 can be transferred across
plant families without altering its functionality and race specificity. Furthermore,
since signaling downstream of Ve1 seems to be highly conserved between tomato
and Arabidopsis, new findings obtained with Ve1-transgenic Arabidopsis could be
translated to tomato.
Arabidopsis as a model to investigate RLP-mediated resistance
RLPs represent an important class of cell surface receptors that characteristically
have a short cytoplasmic tail and are lacking obvious signaling motifs other than the
putative endocytosis motifs that are present in some members (Fritz-Laylin et al.,
2005; Wang et al., 2010a). The first identified RLP involved in pathogen defense
was Cf-9, a tomato resistance gene active against C. fulvum (Jones et al., 1994).
Following this discovery, several defense-related RLP genes were cloned from
tomato and apple (Dixon et al., 1996; Thomas, 1997; Kawchuk et al., 2001; Vinatzer
et al., 2001; Ron and Avni, 2004). In tomato, the study of Ve1-mediated signaling
demonstrated that some components are required for the signaling by multiple RLPs
(Gabriëls et al., 2007; van den Burg et al., 2008; Bar et al., 2010; Vossen et al.,
2010). Since Ve1-mediated signaling appears to utilize conserved elements between
tomato and Arabidopsis, this suggests that newly identified signaling components
in Arabidopsis could similarly play a role in the signaling mediated by other RLPs.
In the Arabidopsis genome, phylogenetic analysis predicted the presence of 57
RLPs (AtRLPs) (Wang et al., 2008). The first AtRLP identified to play a role in defense
was AtRLP52, a chitin-induced gene involved in basal resistance against a virulent
strain of Erysiphe cichoracearum (Ramonell et al., 2005). Later on, functionality of
the 57 AtRLPs was investigated through an extensive screening of AtRLP knockout
lines and AtRLP silenced lines with diverse pathogens. However, only two genes,
AtRLP30 and AtRLP18, were found to be involved in plant defense (Wang et al.,
2008; Ellendorff et al., 2008). Disruption of these genes altered non-host resistance
against the bean pathogen bacterium Pseudomonas syringae pv. phaseolicoa
(Psp) (Wang et al., 2008). Finally, recently, AtRLP51 was found to be involved in
plant development as well as resistance against Hyaloperonospora arabidopsidis
and Pseudomonas syringae pv tomato (Pst) (Zhang et al., 2010). So far, the exact
function of the four AtRLPs involved in defense is unknown. For instance, since nonhost resistance can require preformed natural barriers as well as induced defenses
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(Mysore and Ryu, 2004; Ham et al., 2007; Lipka et al., 2008) then further work
on AtRLP18 and AtRLP30 is needed to discriminate in which aspects of resistance
these two receptors are involved. The lack of assigned functions for the AtRLPs has
resulted in a delay of progress regarding the research on AtRLP-mediated defense
signaling. We propose that Ve1-expressing Arabidopsis could be used as a model to
dissect the mechanism of AtRLP-mediated defense signaling.
Ve1 and the PRR versus R protein dichotomy
It has generally been accepted that ectopic expression of defense genes can alter
plant development and/or plant defense independently of pathogen presence, and
that interfamily transfer of resistance genes is usually unsuccessful (Stuiver and
Custers, 2001; Hammond-Kosack and Parker, 2003; Gurr and Rushton, 2005a; Gust
et al., 2010, Wulff et al., 2011). Nevertheless, recently the functions of the receptors
EFR and FLS2 have been successfully transferred from Arabidopsis to tomato and
Nicotiana benthamiana (Chinchilla et al., 2006; Zipfel et al., 2006; Lacombe et
al., 2010). These receptors belong to the pattern recognition receptor (PRR) group
and perceives EF-Tu and flagellin, respectively, two bacterial pathogen-associated
molecular patterns (PAMP) (Kunze et al., 2004; Zipfel et al., 2006). EF-Tu is
conserved across several genera of bacteria (Kunze et al., 2004), and EFR-expressing
plants displayed broad-spectrum host resistance (Lacombe et al., 2010). In contrast
to PRR-mediated resistance, R-mediated resistance is defined to be race-specific and
cultivar-specific (Jones and Dangl, 2006; Göhre and Robatzek, 2008; Lacombe et
al., 2010; Gust et al., 2010). Interestingly, transient co-expression of the flax L6 and
tomato Cf4 genes with their matching effector genes resulted in a R gene mediated
hypersensitive response (HR) in the non related plant species N. benthamiana and
Lactuca sativa, respectively (van der Hoorn et al., 2000; Dodds et al., 2004). This
suggests that a similar signaling pathway required for L6- and Cf4-mediated HR,
respectively, are present across plant families (van der Hoorn et al., 2000; Dodds
et al., 2004). Overall, these results demonstrate that cultivar-specific receptors,
including Ve1, can be transferred across plant families while remaining functional.
The separation between PAMP-triggered immunity (PTI) mediated by PRRs
and effector-triggered immunity (ETI) mediated by R proteins was proposed only
recently (Jones and Dangl, 2006; Chisholm et al., 2006). As mentioned above, one
aspect to discriminate between PRR- and R-mediated resistance is that PRRs are
conserved across plant species while R proteins are cultivar-specific (Jones and
Dangl, 2006; Göhre and Robatzek, 2008; Lacombe et al., 2010; Gust et al., 2010).
However, interfamily transfer of Ve1 is challenging this concept. A second criterion to
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discriminate PRR- and R-mediated resistances is based on the perception of PAMPs
and effectors, respectively (Jones and Dangl, 2006; Chisholm et al., 2006). However,
it has been already mentioned that the assignment of a molecule to the PAMP or
effector group is difficult (Göhre and Robatzek, 2008). For instance, effectors are
thought to be race-specific (Jones and Dangl, 2006; Chisholm et al., 2006). However,
recent examples demonstrate that effectors can be conserved across pathogen genera
(Bolton et al., 2008; Stergiopoulos et al., 2010; de Jonge et al., 2010). To date, the
race 1 effector has not yet been identified. Nonetheless, since Ve1 provides resistance
against two Verticillium species, it is tempting to speculate that the matching effector
is conserved across species. Overall, the lack of a precise delimitation between
PAMPs on the one hand and effectors on the other hand, and similarly between PRRs
and R proteins, suggests that this separation cannot be maintained.

Materials and methods
Plant materials and manipulations
Arabidopsis ecotypes Col-0 and Ws-0 were used in this study. Furthermore, the
defense signaling mutants included in this study were ein3-1 (ethylene insensitive 3;
Kieber and Ecker, 1993), etr1-1 (ethylene response 1; Bleecker et al., 1988), eds5-1
(enhanced disease susceptibility 5; Glazebrook et al., 1996), npr1-3 (non-expressor
of pathogenesis-related genes 1; Cao et al., 1994; Glazebrook et al., 1996), jar1-1
(jasmonate resistant 1; Staswick et al., 1992), coi1-16 (coronatine insensitive 1; Feys
et al., 1994), bak1-4 (brassinosteroid insensitive 1-associated receptor kinase 1; Nam
and Li, 2002; Li et al., 2002), eds1-2 (enhanced disease susceptibility 1; Parker et
al., 1996; Falk et al., 1999), ndr1-1 (nonrace-specific disease resistance 1; Century et
al., 1995), pad3-1 (phytoalexin deficient 3; Glazebrook and Ausubel, 1994), pad4-1
(phytoalexin deficient 4; Glazebrook et al., 1996; Glazebrook et al., 1997; Jirage et
al., 1999), edr1-1 (enhanced disease resistance 1; Frye and Innes, 1998), and eds9-1
(enhanced disease susceptibility 9; Glazebrook et al., 1996; Rogers and Ausubel,
1997).
Plants were grown in soil in the greenhouse or in the climate chamber at
21°C/19°C during 16/8 hours day/night periods, respectively, with 70% relative
humidity and 100 W m-2 supplemental light when the intensity dropped below 150 W
m-2. For Verticillium inoculations, 2- to 3-week-old Arabidopsis plants were uprooted
and the roots were rinsed in water. Subsequently, the roots were dipped for 3 minutes
in a suspension of 106 conidia per ml of potato dextrose broth (Difco) harvested
from 1- to 2-week-old Verticillium cultures on potato dextrose agar (Oxoid). Control
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plants were treated similarly, but their roots were dipped in potato dextrose broth
without conidia. After replanting in fresh soil, disease development was monitored
up to 21 days after inoculation. The following strains were used: V. dahliae JR2
(race 1), M050414 (race 2), V. albo-atrum CBS385.91 (race 1), VA1 (race 2), and V.
longisporum O1, 43, Boc74, and CBS649.85.
For hydroponic cultivation, a modified protocol from (Tocquin et al., 2003)
was used. The bottoms of 0.5 ml Eppendorff tubes were removed and the tubes were
filled with 0.55% plant agar (Duchefa). After solidification, a seed was placed on
the agar and the tubes were placed in the support plates of 1 ml tip boxes that were
filled with hydroponic solution (modified Hoagland’s nutrient solution consisting of
1.01 mM Ca(NO3)2, 5.1 mM KNO3, 0.498 mM MgSO4, 29.3 µM NH4NO3, 0.65 mM
NH4H2PO4, 22.4 µM Fe(Na)EDTA, 25 µM H3BO3, 2 µM ZnSO4, 0.1 µM CuSO4, 0.1
µM (NH4)6Mo7O24, 2 mM MES). The boxes were incubated in a climate chamber at
21°C, 70 % relative humidity and 16 hour photoperiod and the hydroponic solution
was refreshed weekly. Inoculation with a GFP-expressing V. dahliae strain was
performed on 3-week-old plants by replacing the hydroponic solution with a conidial
suspension (104 conidia/ml) for 30 minutes, after which the inoculum was replaced
by hydroponic solution.
Arabidopsis transformations were performed as described previously (Clough
and Bent, 1998). Homozygous single insert transgenic lines were selected by
analyzing the segregation of antibiotic resistance in each progeny.
Expression analyses
To analyze transgene expression in Arabidopsis, total RNA was isolated from
leaf material. Total RNA was isolated using the RNeasy kit (Qiagen) and used for
cDNA synthesis using an oligo(dT) primer (Table 1) and the SuperScript III reverse
transcriptase kit (Invitrogen), according to the manufacturer’s instructions. RT-PCR
was conducted with Ve-specific primers (Ve1QPCRF2-Ve1QPCRR1, and Ve2F7Ve2R for Ve1 and Ve2, respectively, Table 1), and thermocycling conditions consisted
of an initial denaturation step of 10 minutes at 95ºC, followed by denaturation for 15
sec at 95ºC, annealing for 30 sec at 60ºC, and extension for 1 minute at 72ºC for 30
cycles. Arabidopsis actin (AtActF-AtActR, Table 1) was used as internal standard.
V. dahliae biomass quantification in planta
Quantification of V. dahliae biomass was performed according to (Ellendorff et
al., 2009). Essentially, 21 days after inoculation four V. dahliae-inoculated plants
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per genotype were pooled and harvested. The samples were ground to powder, and
subsequently DNA was extracted from approximately 100 mg of powder. V. dahliae
biomass was determined by real-time PCR using the qPCR Core kit for SYBR Green
I (Eurogentec). To assess V. dahliae biomass, the internal transcribed spacer (ITS)
region of the ribosomal DNA was targeted using the fungus-specific ITS1-F primer
(Gardes and Bruns, 1993) in combination with the V. dahliae-specific reverse primer
ST-Ve1-R (Table 1; Lievens et al., 2006). For sample calibration, the Arabidopsis
large subunit of the Rubisco gene was targeted using the primer pair AtRubisco-F3
and -R3 (Table 1). Real-time PCR conditions consisted of an initial denaturation step
of 10 minutes at 95°C, followed by denaturation for 15 sec at 95°C, annealing for 30
sec at 62°C, and extension for 30 sec at 72°C for 40 cycles.
V. dahliae transformation
Table 1. Primers used in this study

a

Primer name

Sequences (5’-3’)a

Description

AtActF

TAACTCTCCCGCTATGTATGTCGC

Arabidopsis actin

AtActR

GAGAGAAACCCTCGTAGATTGGC

Arabidopsis actin

ITS1-F

AAAGTTTTAATGGTTCGCTAAGA

V. dahliae

ST-VE1-R

CTTGGTCATTTAGAGGAAGTAA

V. dahliae

At Rubisco-F3

GCAAGTGTTGGGTTCAAAGCTGGTG

Arabidopsis Rubisco

At Rubisco-R3

CCAGGTTGAGGAGTTACTCGGAATGCTG,

Arabidopsis Rubisco

Oligo(dT)

TTTTTTTTTTTTTTTTTTTTTTTTT(a,g, or c)

Poly-T

Ve2R

GGCGCGCCTCAAAACTTTTTGTGATATATGAC

Ve2 (AscI)

Ve2F7

GATTGGCAGTTCATATTTACGGG

Ve2

Ve1QPCRF2

AACAGTTGTCAAAGCAATGGCTCAGCC

Ve1

Ve1QPCRR1

GAAAACCAAAGCAAGCATTTCTCCATATGC

Ve1

Restriction site indicated in bold.

To engineer a V. dahliae strain expressing green fluorescent protein (GFP), the plasmid
pCT74 was used (Lorang et al., 2001). From this plasmid, the hygromycin and GFP
cassettes were excised using XhoI and EcoRI and cloned into the binary pGREEN
vector (Hellens et al., 2000). The resulting plasmid was transferred into Agrobaterium
tumefaciens strain LBA1100 by electroporation. Transformation of V. dahliae was
performed according to (Mullins et al., 2001) with some adaptations. Essentially,
A. tumefaciens was grown for two days in minimal medium supplemented with 25
µg/ml of kanamycin. The A. tumefaciens cells were diluted to an optical density of
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OD600 0.15 in induction medium (IM) supplemented with 200 µM acetosyringone
(AS). Following an incubation of six hours, the bacteria were mixed with an equal
volume of conidial suspension (106 conidia per ml) and 200 µl of the mixture was
plated on Amersham Hybond™-N membrane (GE Healthcare) that was placed on
IM supplemented with 200 µM AS, 5 mM glucose, and 1.5% technical agar. After
incubation for two days at 22°C, the membranes were transferred onto selection
plates containing PDA supplemented with 100 µg/ml hygromycin (Duchefa), and
200 µg/ml cefotaxim (Duchefa) and incubated at 22°C for two weeks. Resistant V.
dahliae colonies were subcultured on selection plates.
Bioinformatic analysis
The tomato Ve1 full length protein sequence (ACR33105) was compared to the
tomato Ve2 sequence (ACR33107) (Fradin et al., 2009), putative Ve homologues
from Solanum torvum (StVe, AAQ8205) (Fei et al., 2004), Solanum lycopersicoides
(SlVe1, AAP20229) (Chai et al., 2003), Mentha longifolia (MlVe1, ACB99682)
(Vining and Davis, 2009), and Mentha spicata (MsVe1, ACB99693) (Vining and
Davis, 2009), Cf-4 (CAA05268) (Thomas, 1997), Cf-9 (AAA65235) (Jones et al.,
1994), LeEIX1 (AAR28377) (Ron and Avni, 2004), LeEIX2 (AAR28378) (Ron and
Avni, 2004) and the 57 AtRLPs (Wang et al., 2008). Multiple sequence alignment
and phylogenetic analysis were conducted using MEGA4 version 4 (Tamura et al.,
2007). The multiple sequence alignment was performed using the CLUSTALW
function, with Gonnet as protein weight matrix and a gap opening penalty of 10
and a gap extension penalty of 0.2. The obtained alignment was used as input
for the phylogenetic analysis. This analysis was performed using the neighbourjoining method (Saitou and Nei, 1987), p-distance was used as parameter, positions
containing alignment gaps were eliminated with the pairwise deletion option, validity
of the analysis was tested by 1000 bootstrap replicates (Felsenstein, 1985).To assess
the percentage of protein identity and similarity between tomato Ve1 and the other
RLP sequences, the full length sequences were uploaded in BioEdit. Percentages
were calculated based on a pairwise alignment using Gonnet as a similarity matrix.
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Chapter 5

Abstract
Vascular wilts caused by soil-borne fungal species of the Verticillium genus are
devastating plant diseases. The most common species, Verticillium dahliae and V.
albo-atrum, have a broad host range and are notoriously difficult to control. Therefore,
genetic resistance is the preferred method for disease control. Only from tomato
(Solanum lycopersicum) a Verticillium resistance locus has been cloned, comprising
the Ve1 gene that encodes a receptor-like protein-type cell surface receptor. Recently,
we have shown that resistance provided by the tomato Ve1 gene is transferrable
to Arabidopsis. In addition, we have shown that the signaling components utilized
by Ve1 in Arabidopsis overlap with those required in tomato, and include the
receptor-like kinase SERK3/BAK1. Here, we have investigated the requirement of
SERK family members for Ve1 resistance in Arabidopsis and shown that SERK1 is
required. Furthermore, using virus-induced gene silencing, we show the requirement
of SERK1 for Ve1-mediated resistance also in tomato. Our results demonstrate that
Arabidopsis can be used as model to unravel the molecular mechanisms of Ve1mediated resistance.

Introduction
Verticillium wilts caused by soil-borne fungal species of the Verticillium genus,
of which Verticillium dahliae and V. albo-atrum are the most common members,
are devastating vascular plant diseases that occur on a wide host range of over
200 dicotyledonous plant species in temperate and subtropical regions (Fradin and
Thomma, 2006; Klosterman et al., 2009b). In tomato (Solanum lycopersicum), the
Ve locus mediates resistance against race 1 strains of V. dahliae and V. albo-atrum,
and strains that are not contained by this locus are assigned to race 2 (Schaible et al.,
1951; Fradin et al., 2009). The Ve locus consists of two genes, Ve1 and Ve2, of which
only Ve1 provides resistance (Fradin et al., 2009). Recently, we have shown that the
tomato Ve1 gene can be transferred to Arabidopsis while retaining functionality and
specificity (Fradin et al., 2011). We have also shown that the signaling components
utilized by Ve1 in Arabidopsis overlap with those required in tomato (Fradin et al.,
2009; Fradin et al., 2011). This suggests that the blueprint for resistance signaling is
conserved between tomato and Arabidopsis, and that Arabidopsis can be used as a
model to unravel the genetics of Ve1 signaling.
We have previously shown that SERK3/BAK1 is required for Ve1-mediated
resistance in tomato and Arabidopsis (Fradin et al., 2009; Fradin et al., 2011). The
Arabidopsis SERK family encompasses five members that have both significantly
overlapping and distinct functions in plant development and plant defense (Hecht
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et al., 2001; Albrecht et al., 2008). Of these, SERK3 and SERK4 have previously
been implicated in pathogen immunity and cell death signaling (Chinchilla et al.,
2007b; He et al., 2007; Heese et al., 2007; Kemmerling et al., 2007). In this study,
we have investigated the role of the four remaining Arabidopsis AtSERK genes in
Ve1 signaling in Arabidopsis.

Results
SERK1 is required for Ve1 signaling in Arabidopsis
To investigate whether other AtSERK family members, in addition to SERK3/BAK1,
are required for Ve1-mediated resistance, we transformed Arabidopsis mutants of
Serk1, Serk2, Serk4 and Serk5 (Figure 1) with the P35S:Ve1 construct (Chapters
2 and 4; Fradin et al., 2009). For each mutant, two independent Ve1-transgenic
lines were challenged with race 1 V. dahliae and resistance was compared with the
non-transgenic mutants (Figure 2). To confirm the observed phenotypes, the fungal
biomass was determined by real-time PCR in each transgenic line, normalized to the
biomass of their respective non-transgenic progenitors, and compared to the biomass
reduction observed in Ve1-expressing Col-0 line. This analysis showed that none
of the Serk mutants was compromised in basal defense against Verticillium as the
non-transgenic progenitors showed similar levels of infection as Col-0 plants (Figure
2B). Furthermore, Ve1-mediated resistance was not compromised in serk2-1 and
serk5-1 mutants as the Ve1-mediated fungal biomass reduction in these mutants was
comparable to the reduction in Col-0 (Figure 2A and 2C). In contrast, Ve1-mediated
resistance was compromised in the serk1-1 mutant and, albeit to a lesser extent and
not consistently, also in the serk4-1 mutant (Figure 2A and 2C).
serk1-1

serk2-1

serk4-1

serk5-1

P35S:Ve1

Col-0

Figure 1. Overview of mock-inoculated Ve1-transgenic Arabidopsis Serk mutants. Arabidopsis Col-0
and Serk mutants were engineered to express Ve1 driven by the CaMV 35S promoter (P35S:Ve1).
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A

Col-0

serk2-1

serk4-1

serk5-1

P35S:Ve1

serk1-1

R.Q. (%)

B

B.R. (%)

C

200

200

200

200

100

100

100

100

0

Col-0 serk1-1

0

Col-0

serk2-1

0

150

150

150

100

100

100

50

50

50
0

*

*

1
2
Col-0 serk1-1

0

1
2
Col-0 serk2-1

0

Col-0

serk4-1

0

Col-0 serk5-1

150

*
1
2
Col-0 serk4-1

100
50
0

1
2
Col-0 serk5-1

Figure 2. Overview of Ve1-transgenic Serk mutants challenged with V. dahliae race 1. (A) Typical
appearance of non-transgenic (upper row) and Ve1-transgenic (lower row; P35S:Ve1) Col-0 and Serk
mutant plants at 21 days after Verticillium inoculation. (B) Quantification of V. dahliae biomass in nontransgenic Serk mutants when compared with Col-0. (C) Ve1-mediated reduction of V. dahliae biomass
in Serk mutants when compared with Col-0. (B, C) Fungal biomass was determined by quantitative
real-time PCR and represents Verticillium internal transcribed spacer (ITS) transcript levels relative to
Arabidopsis Rubisco transcript levels (for equilibration). (B) Bars represent Verticillium quantification
(R.Q.) with standard deviation in a sample of four pooled plants. Col-0 is set to 100%. (C) Bars
represent the percentage of Ve1-mediated fungal biomass reduction (B.R.) in Ve1-expressing lines
when compared to the fungal biomass accumulated in the respective non-transformed progenitors, with
standard deviation in a sample of four pooled plants. Ve1-mediated fungal biomass reduction in Col-0
is set to 100%. Two independent transgenic lines expressing Ve1 are shown per construct (1, 2). (B, C)
Asterisks indicate significant differences when compared with Col-0 (P<0.05).

SERK1 is required for Ve1 signaling in tomato
Based on the finding that SERK1 is required for Ve1 signaling in Arabidopsis, we
assessed its role in the Ve1 signaling of tomato. To this end, the tomato Serk1 (SlSerk1)
homologue was identified by Blast analysis using Arabidopsis SERK1 to query the
tomato genome sequence (http://mips.helmholtz-muenchen.de/plant/tomato/index.
jsp). One clear Serk1 homologue was identified (SGN-E623106) and its expression

92

Role of Serk family in Ve1-mediated resistance
was targeted by virus-induced gene silencing (VIGS; Fradin et al., 2009). To this
end, two recombinant tobacco rattle virus (TRV) vectors were designed; one based
on the SlSerk1 CDS and one based on the 3’-untranslated region (3’-UTR). As
controls, an empty TRV construct (TRV:00) and a construct targeting Ve1 expression
were used (Fradin et al., 2009). Subsequently, the recombinant TRV vectors were
inoculated onto tomato and two weeks later half of the plants was inoculated with a
race 1 V. dahliae strain, while the other half was mock-inoculated. Two weeks after
inoculation, Verticillium resistance was assessed by evaluating the degree of stunting
(height of the plant, length of the leaves) an indicator of disease progression. Upon
Verticillium inoculation of TRV:00-treated plants, little stunting was observed when
compared with mock-inoculated plants, while Verticillium inoculation of TRV:Ve1treated plants showed clear and consistent stunting (Figure 3, Table 1). Interestingly,
also targeting of SlSerk1 expression resulted in compromised Verticillium resistance,
irrespective of whether the CDS or the 3’-UTR was targeted, demonstrating that also
in tomato Serk1 is required for Ve1-mediated Verticillium resistance.
A

B

TRV:00

TRV:Ve1

TRV:SlSerk1
-UTR

TRV:SlSerk1
-CDS

Figure 3. VIGS of SlSerk1 impairs
Ve1-mediated Verticillium resistance
in tomato. (A) Motelle (Ve1/Ve1;
control V. dahliae
resistant) plants were treated with an
empty recombinant TRV vector (TRV:00), a TRV vector targeting Ve1 (TRV:Ve1), the 3’-untranslated
region of SlSerk1 (TRV:SlSerk1-UTR), or the CDS of SlSerk1 (TRV:SlSerk1-CDS). Two weeks after
treatment, the plants were mock-inoculated (control) or inoculated with a race 1 strain of V. dahliae.
Photographs were taken at 14 days after V. dahliae inoculation, and compromised resistance is visible
as a stunted appearance of the V. dahliae-inoculated plants when compared with mock-inoculated
control plants. (B) Two weeks after V. dahliae inoculation stem sections were plated, allowing fungal
outgrowth as a measure for fungal colonization. Photographs were taken at 14 days after plating.

93

Chapter 5
Table 1. VIGS analysis of SlSerk1 in resistant Motelle plants
VIGS construct

No. of Plants Challenged
with V. dahliae

No. of Stunted
Plants

Percentage of Stunted
Plants a

TRV:00

6

0

0

TRV:Ve1

6

3

50

TRV:SlSerk1-UTR

6

4

66

TRV:SlSerk1-CDS

6

3

50

Data from one representative experiment out of three are shown.

a

Discussion
Based on the finding that the blueprint for Ve1-mediated signaling is conserved
between tomato and Arabidopsis, we speculated that dissecting Ve1 signaling in
Arabidopsis based on a candidate gene approach would result in the identification
of genes that are required for Verticillium resistance in tomato. Over the years it
has become evident that AtSERK family members have different roles in signaling
pathways of processes that range from development to defense. While AtSERK1
and AtSERK2 play roles in anther development and male gametophyte maturation
(Albrecht et al., 2005; Colcombet et al., 2005), AtSERK1 and AtSERK3/BAK1 act
in receptor complexes for brassinosteroid perception (Li et al., 2002; Nam and Li,
2002; Karlova et al., 2006). Furthermore, AtSERK3/BAK1 and AtSERK4 have been
implicated in programmed cell death responses, in development and defense (He et
al., 2007; Kemmerling et al., 2007). We have previously shown that AtSERK3/BAK1
acts in Ve1-mediated resistance in Arabidopsis. Here we show that also AtSERK1
and, to a lesser extent, AtSERK4 are required for full Ve1-mediated resistance in
Arabidopsis. We have previously shown that SlSERK3/BAK1 is required for Ve1mediated resistance in tomato (Fradin et al., 2009), and with VIGS we now confirm
that also SlSERK1 is required for resistance in tomato. Together with the recent
finding that SlSERK1 is required for aphid resistance mediated by the NB-LRR
Mi-1 (Mantelin et al., 2011), our results suggest that SERK1 contributes to host
defense mediated by extracellular and cytoplasmic immune receptors and extend the
notion that SERK proteins are versatile regulators of various biological processes in
plants. Furthermore, our data demonstrate that Ve1-transgenic Arabidopsis can be
used as a tool to identify critical signaling components required for Ve1 signaling in
tomato.

94

Role of Serk family in Ve1-mediated resistance

Materials and methods
All experiments have been performed at least three times yielding similar results.
Plant material and manipulations
The Serk mutants used in this study included serk1-1 (Colcombet et al., 2005; Albrecht
et al., 2005), serk2-1 (Colcombet et al., 2005; Albrecht et al., 2005), serk4-1 (He et
al., 2007), serk5-1 (Albrecht et al., 2008), all in the Col-0 ecotype. Plants were grown
in soil in the greenhouse or in climate chamber at 21°C/19°C during 16/8 hours day/
night periods, respectively, with 70% relative humidity and 100 W/m2 supplemental
light when the intensity dropped below 150 W/m2. Arabidopsis transformations
were performed as described (Clough and Bent, 1998). Homozygous single insert
transgenic lines were selected by analyzing the segregation of antibiotic resistance.
For Verticillium inoculations, two- to three-week-old Arabidopsis plants were
uprooted and the roots were rinsed in water. Subsequently, the roots were dipped for
3 minutes in a suspension of 106 conidia per ml of potato dextrose broth (Difco) and
harvested from one- to two-week-old Verticillium cultures on potato dextrose agar
(Oxoid). Control plants were treated similarly, but their roots were dipped in potato
dextrose broth without conidia. After replanting in fresh soil, disease development
was monitored up to 21 days after inoculation. The V. dahliae race 1 strain JR2 was
used.
In planta V. dahliae biomass quantification
Quantification of V. dahliae biomass was performed as described previously
(Ellendorff et al., 2009). Essentially, 21 days after inoculation four V. dahliaeinoculated plants per genotype were harvested and pooled. The samples were
ground to powder, and DNA was extracted from 100 mg of powder. V. dahliae
biomass was determined by real-time PCR using the qPCR Core kit for SYBR
Green I (Eurogentec). To assess V. dahliae biomass, the internal transcribed spacer
(ITS) region of the ribosomal DNA was targeted using the fungus-specific ITS1-F
primer in combination with the V. dahliae-specific reverse primer ST-Ve1-R (Table
2). For sample calibration, the Arabidopsis large subunit of the Rubisco gene was
targeted using the primer pair AtRubisco -F3 and -R3 (Table 2). Real-time PCR
conditions consisted of an initial denaturation step of 10 minutes at 95°C, followed
by denaturation for 15 sec at 95°C, annealing for 30 sec at 62°C, and extension for
30 sec at 72°C for 40 cycles.
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Table 2. Primers used in this study
Primer name

Sequences (5’-3’)a

Description

AtActF

TAACTCTCCCGCTATGTATGTCGC

Arabidopsis actin

AtActR

GAGAGAAACCCTCGTAGATTGGC

Arabidopsis actin

ITS1-F

AAAGTTTTAATGGTTCGCTAAGA

V. dahliae

ST-VE1-Rc

CTTGGTCATTTAGAGGAAGTAA

V. dahliae

At Rubisco-F3

GCAAGTGTTGGGTTCAAAGCTGGTG

Arabidopsis Rubisco

At Rubisco-R3

CCAGGTTGAGGAGTTACTCGGAATGCTG

Arabidopsis Rubisco

SERK1-UTR-F

CTCCAAGTAAAGAATATCAAATCATT

Tomato Serk1 UTR

SERK1-UTR-R

TTGGATCCTCGAGTTTTTTTTTTTTTTTTTTV

Tomato Serk1 UTR

UTR-F

GAATTCCTCCAAGTAAAGAATATCAAATCATT

Tomato Serk1 UTR
(cloning, EcoRI)

UTR-R

GGTACCTAAATAACCTTGTCAAATTGATAGCA

Tomato Serk1 UTR
(cloning, KpnI)

SERK1-LRR-F

ATGGTGAAGGTGATGGAGAAGG

Tomato Serk1 LRR

SERK1-LRR-R

TTGGATCCTCGAGTTTTTTTTTTTTTTTTTTV

Tomato Serk1 LRR

LRR-F

GAATTCATGGTGAAGGTGATGGAGAAGG

Tomato Serk1 LRR
(cloning, EcoRI)

LRR-R

GGTACCTTAGGATCTTGTAAATTGACGCGT

Tomato Serk1 LRR
(cloning, KpnI)

b

Restriction site indicated in bold.
Gardes and Bruns, 1993.
c
Lievens et al., 2006.
a

b

Virus-induced gene silencing followed by pathogen inoculation
To amplify the 3’-UTR of SlSerk1 3’-RACE-PCR using the primers SERK1-UTR-F
and SERK1-UTR-R (Table 2) was used on tomato cDNA. The amplicon was cloned
into the pGEMT plasmid (Promega) and transformed to Escherichia coli. Plasmid
DNA was isolated from single colonies and the correct SlSerk1 insert sequence was
verified by sequencing. Subsequently, primers UTR-F and UTR-R (Table 2) were
designed to amplify the 3’-UTR of SlSerk1 containing EcoRI and KpnI restriction
sites, respectively. Using these two restriction sites, the amplicon was ligated into the
TRV2 plasmid (Liu et al., 2002a) and subsequently transformed to electro-competent
A. tumefaciens strain GV3101. The TRV construct targeting the SlSERK1 LRR region
was generated in a similar fashion using primers SERK1-LRR-F and SERK1-LRR-R
(Table 2) on tomato cDNA and LRR-F and LRR-R (Table 2) to generate the TRV
clone. The VIGS procedure followed by inoculation with V. dahliae and plate assays
were performed as described previously (Fradin et al., 2009).

96

Role of Serk family in Ve1-mediated resistance

Acknowledgements
The authors thank Dr. Birgit Kemmerling and Dr. Sacco de Vries for providing
Arabidopsis Serk mutants. Bert Essenstam and Henk Smid are acknowledged for
excellent plant care.

97

Chapter 6
Functional analysis of Ve1-mediated Verticillium
resistance through domain-swaps with Ve2

Chapter 6

Abstract
Tomato resistance against Verticillium race 1 strains is mediated by Ve1 that resides
in the Ve locus together with the non-active homologue Ve2. Both Ve1 and Ve2 encode
84% identical extracellular Leu-rich repeat (eLRR) type receptors that are predicted
to contain 37 imperfect eLRRs. Previously, we have proven that functional Ve1
can be transferred to Arabidopsis. In order to further investigate Ve1 functionality,
we performed domain-swaps with Ve2 and expressed the chimeric Ve proteins in
Arabidopsis. Various domain swaps in which eLRRs from Ve1 were replaced by
those of Ve2 suggest that the region between LRR22 and LRR35 is required for
full Ve1-mediated resistance. However, plants expressing a Ve chimera in which
eLRR1 to eLRR30 of Ve1 were replaced with those of Ve2 were resistant against
Verticillium. These results suggest that Ve2 may still bind the elicitor in the eLRR
domain, but that its C-terminal domain is not able to activate a successful defense
response.

Introduction
Verticillium wilt, caused by species of the soil borne fungal pathogen genus
Verticillium, has been reported on more than 200 dicotyledonous plant species
(Agrios, 2005; Pegg and Brady, 2002; Fradin and Thomma, 2006). While V. dahliae
and V. albo-atrum can infect a wide range of hosts (Agrios, 2005; Pegg and Brady,
2002; Fradin and Thomma, 2006), V. longisporum manily infects plants that belong
to the Brassicaceae (Koike et al., 1994; Karapapa et al., 1997; Barbara and Clewes,
2003). So far, only from tomato (Solanum lycopersicum) a locus providing resistance
against Verticillium has been isolated (Kawchuk et al., 2001). This Ve locus contains
V. dahliae and V. albo-atrum race 1 strains, while race 2 strains are not contained
(Schaible et al., 1951; Pegg, 1974).
The Ve locus is composed of two genes, Ve1 and Ve2, that code for two
extracellular Leu-rich repeat (eLRR) type of cell surface receptors. The eLRRcontaining receptors are divided into two groups: the receptor-like kinases (RLKs)
and the receptor-like proteins (RLPs), of which the latter group includes Ve1 and Ve2.
Typically, Ve1 and Ve2 domain structures are predicted to contain a signal peptide,
an extracellular LRR domain composed of two LRR regions that are separated
by a non-LRR island domain (also referred as C1, C3 and C2, respectively; Jones
and Jones, 1997), a transmembrane domain, and a short cytoplasmic tail that lacks
obvious signaling motifs besides putative endocytosis motifs (Kawchuk et al., 2001).
Although Ve1 and Ve2 share 84% amino acid identity (Kawchuk et al.,
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2001), only Ve1 mediates resistance against Verticillium race 1 strains (Fradin et
al., 2009). It is presently unknown which domains of Ve1 are required to mediate
this resistance. However, for other eLRR-containing proteins the eLRRs have been
implicated in recognition specificity (Kobe and Kajava, 2001; Kinoshita et al., 2005;
Dunning et al., 2007; Shinohara et al., 2007; Zhao et al., 2009; Wulff et al., 2009a). In
tomato, the RLPs Cf-2, Cf-4, Cf-4E, Cf-5, Cf-9 and Cf-9B provide resistance against
Cladosporium fulvum strains that carry the matching avirulence genes (Jones et al.,
1994; Dixon et al., 1996; Thomas, 1997; Dixon et al., 1998; Takken et al., 1999;
Panter et al., 2002). In the last decade, through domain-swap and gene shuffling
analyses, these RLPs were scrupulously dissected to identify specificity-determining
amino-acids in their LRR domains (van der Hoorn et al., 2001b; Wulff et al., 2001;
Seear and Dixon, 2003; van der Hoorn et al., 2005; Wulff et al., 2009b; Chakrabarti
et al., 2009). Overall, these studies demonstrated that specificity of the Cf proteins
is determined by the number of LRRs and specific amino acid residues that are
clustered or scattered along the LRR region (van der Hoorn et al., 2001b; Wulff et
al., 2001; Wulff et al., 2009b; Chakrabarti et al., 2009). Furthermore, it was shown
that specificity of the Cf proteins can be altered to recognize distinct avirulence
factors (van der Hoorn et al., 2001b; Wulff et al., 2001; Seear and Dixon, 2003; van
der Hoorn et al., 2005; Wulff et al., 2009b; Chakrabarti et al., 2009).
Recently, we have demonstrated that functionality and specificity of the
tomato Ve1 gene is maintained when expressed in Arabidopsis plants (Fradin et
al., 2011). Like in tomato (Fradin et al., 2009) we demonstrated that Ve2 failed
to provide Verticillium resistance in Arabidopsis (Fradin et al., 2011). In order to
further investigate the functionality of Ve1, we undertook a domain-swap approach
by exploiting Ve2 and expressed the chimeras in Arabidopsis.

Results
Tomato provides Verticillium resistance in sgs2 plants
To carry out the domain swap analysis between Ve1 and Ve2, the Arabidopsis
posttranscriptional gene silencing (PTGS) mutant sgs2 (Dalmay et al., 2000;
Mourrain et al., 2000) was used. This mutant typically shows little variation in
transgene expression between individual transformants, and thus reduced numbers of
transgenes need to be analysed (Butaye et al., 2004). Furthermore, we have previously
demonstrated that this mutant displays enhanced Verticillium susceptibility when
compared with wild type plants (Ellendorff et al., 2009), possibly allowing a wider
range of enhanced resistance phenotypes, including partial resistance. Initially, as
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a control, sgs2 plants were transformed with the coding sequences (CDS) of Ve1
(FJ464556) and Ve2 (FJ464558) fused to the CDS for an HA epitope tag driven by the
cauliflower mosaic virus (CaMV) 35S promoter (Ve1HA and Ve2HA, respectively;
Figure 1). Each transgenic line was challenged with the V. dahliae race 1 strain
JR2. As expected, Ve2HA-expressing plants were as diseased as non-transgenic
plants and displayed typical Verticillium wilt symptoms including stunting, wilting,
A
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Figure 1. Transgenic expression of Ve1, but
not of Ve2, in Arabidopsis results in resistance against V. dahliae race 1. (A) Schematic representation of the transgenically
expressed Ve1 (Ve1HA) and Ve2 (Ve2HA)
proteins. (B) Typical appearance of nontransgenic sgs2 (control: Co.) and transgenic Arabidopsis sgs2 lines that constitutively
express Ve1 or Ve2 (Ve1HA and Ve2HA,
respectively) upon mock-inoculation or inoculation with V. dahliae race 1. (C) Quantification of Verticillium wilt symptoms
(Sympt.) in Co. and transgenic lines. Bars
represent quantification of symptom development shown as percentage of diseased
rosette leaves with standard deviation. Co.
is set to 100%. (D) Fungal biomass determined by real-time PCR (R.Q.) in Co. and
transgenic lines. Bars represent Verticillium
internal transcribed spacer (ITS) transcript
levels relative to Arabidopsis Rubisco
transcript levels (for equilibration) with
standard deviations. Co. is set to 100%.
Asterisks indicate significant differences
when compared with Co. (P<0.05). (E) Total protein extracts from Co. and transgenic
lines were analyzed by immunoblotting using α-HA. Coomassie Brillant Blue stained
gel (CBS) of the blots is used as loading
control. (C-E) For each construct two transgenic lines are shown (1, 2).
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anthocyanin accumulation, chlorosis, and necrosis (Figure 1B and1C). In contrast,
Ve1HA-expressing plants displayed clear Verticillium resistance as only few, if any,
symptoms were observed on the inoculated plants (Figure 1B and 1C). These results
demonstrate that PTGS, which is affected in sgs2, is required for basal defence but not
for Ve1-mediated resistance against Verticillium (Ellendorff et al., 2009). In addition,
for both Ve2HA- and Ve1-HA-expressing plants, the symptom display correlated with
the amount of V. dahliae biomass when compared to non-transformed sgs2 plants
(Figure 1D). Finally, protein expression was detected in each independent transgenic
line by immunoblotting while no signals were observed for wild type plants (Figure
1E). This indicates that, although Ve2 failed to provide resistance, the protein is
stably expressed.
Ve1 and Ve2 comparison
Ve1 and Ve2 are 84% identical and contain 37 imperfect LRRs (Kawchuk et al.,
2001) (Figure 2). Of the 174 amino acid differences between Ve1 and Ve2, 117 are
in the predicted LRRs and non-LRR island domain (Figure 2B to 2D) and 57 are in
the predicted signal peptide, extracellular, transmembrane, and cytoplasmic domains
(Figure 2A, 2E to 2G). Furthermore, the Ve1 cytoplasmic tail is 104 amino acids
shorter than the cytoplasmic tail of Ve2 (Figure 2G). Remarkably, the region between
LRR19 and LRR24 is characterized by relatively few amino acid differences. The
regions used to generate the domain-swaps were selected based on the presence of
conserved endogenous restriction sites between Ve1 and Ve2 (Figure 2).
Chimeras containing the Ve2 C-terminal do not provide resistance against V.
dahliae
To investigate whether Ve2 can be engineered to provide Verticillium resistance, we
generated five Ve chimeric proteins Ve1[8]Ve2, Ve1[14]Ve2, Ve1[22]Ve2, Ve1[30]
Ve2, and Ve1[35]Ve2, in which the first 8, 14, 22, 30 or 35 LRRs of Ve2 were replaced
by those of Ve1, respectively (Figure 3A). Sgs2 plants were transformed with the
constructs encoding these chimeric proteins and the transgenic lines were challenged
with V. dahliae race 1 strain JR2. However, all transgenes were as diseased as the
wild type plants as reflected by symptom display and fungal biomass (Figure 3B to
3D). Nevertheless, chimeric protein could only be detected in Ve1[22]Ve2 transgenic
plants (Figure 3E).
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Figure 2. Protein sequence
alignment of Ve1 and Ve2.
Left: Alignment of Ve1 (red)
and Ve2 (blue) divided into:
N-terminal signal peptide (A),
leucine-rich repeat (LRR)
domains with each of the 37
LRRs separated by a dashed
line (B, D), non-LRR island
domain (C), extracytoplasmic
domain (E), transmembrane
domain (F), and cytoplasmic domain (G). Conserved
amino acid residues between
Ve1 and Ve2 are highlighted
in grey. The underlined amino acid residues in LRR8,
LRR14-15, LRR22, LRR30,
and LRR35 indicate positions
that were used for domain
swaps. Middle: Number of
amino acids different between
Ve1 and Ve2. Right: Schematic representations of Ve1 and
Ve2. Red and turquoise boxes
represent the 37 LRR domains
of Ve1 and Ve2, respectively.
Yellow and dark blue boxes
represent the non-LRR island
domains of Ve1 and Ve2, respectively. Green and mauve
boxes represent the extracytoplasmic, transmembrane, and
cytoplasmic domains of Ve1
and Ve2, respectively.
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Figure 3. Functional characterization of Ve chimeric proteins each containing the C-terminus of Ve2.
(A) Schematic representations of transgenically expressed Ve1 (Ve1HA) and Ve2 (Ve2HA) and the
proteins encoded by the chimeric genes Ve1[8]Ve2, Ve1[14]Ve2, Ve1[22]Ve2, Ve1[30]Ve2, and Ve1[35]
Ve2. The numbers indicate the LRR at the site of the swap. (B) Typical appearance of non-transgenic
sgs2 (control: Co.) and transgenic Arabidopsis sgs2 lines upon mock-inoculation or inoculation with V.
dahliae race 1. (C) Quantification of Verticillium wilt symptoms (Sympt.) in Co. and transgenic lines.
Bars represent quantification of symptoms presented as percentage of diseased rosette leaves with
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standard deviation. Co. is set to 100%. (D) Fungal biomass determined by real-time PCR (R.Q.) in
Co. and transgenic lines. Bars represent Verticillium internal transcribed spacer (ITS) transcript levels
relative to Arabidopsis Rubisco transcript levels (for equilibration) with standard deviation. Co. is set
to 100%. Asterisks indicate significant differences when compared with Co. (P<0.05). (E) Total protein
extracts from Co. and transgenic lines analyzed by immunoblotting using α-HA. Coomassie Brillant
Blue stained gel (CBS) of the blots is used as loading control. M indicates position of size marker. (CE) For each construct two transgenic lines are shown (1, 2).

The region between LRR22 and LRR35 is required for Ve1 function
To identify LRRs that are essential for Ve1-mediated resistance, five Ve chimeric
proteins were engineered, Ve2[8]Ve1, Ve2[14]Ve1, Ve2[22]Ve1, Ve2[30]Ve1, and
Ve2[35]Ve1 in which the first 8, 14, 22, 30 or 35 LRRs of Ve1 were replaced with
those of Ve2, respectively (Figure 4A). Plants overexpressing Ve2[8]Ve1, Ve2[14]
Ve1, Ve2[22]Ve1, and Ve2[30]Ve1 showed few to no symptoms (Figure 4B to 4C)
and significantly less fungal biomass accumulated in these plants when compared
to wild type plants (Figure 4D). Interestingly, plants carrying Ve2[35]Ve1 displayed
Verticillium wilt symptoms that were comparable to those present on inoculated wild
type plants (Figure 4B to 4C). Nevertheless, intermediate levels of fungal biomass
were measured in Ve2[35]Ve1-expressing plants when compared to Ve1-expressing
plants and wild type plants (Figure 4D). Expression of the chimeric proteins was
detected by immunoblotting in at least one transgenic line for each of the constructs
(Figure 4E). These data suggest that LRR30 to LRR35 are required for full Ve1mediated resistance.
To further investigate the requirement of LRR30 to LRR35 for Ve1-mediated
resistance, we engineered Ve1[22]Ve2[35]Ve1, Ve1[22]Ve2[30]Ve1 and Ve1[30]
Ve2[35]Ve1, in which LRR22 to LRR35, LRR22 to LRR30, and LRR30 to
LRR35 of Ve1 were replaced with those of Ve2, respectively (Figure 5A). Plants
overexpressing the constructs Ve1[22]Ve2[35]Ve1 and Ve1[30]Ve2[35]Ve1 displayed
typical Verticillium wilt symptoms that were comparable to wild type plants and
Ve2[35]Ve1-expressing plants (Figure 5B to 5C). Furthermore, as observed with
Ve2[35]Ve1-expressing plants, intermediate levels of fungal biomass were measured
in Ve1[22]Ve2[35]Ve1- and Ve1[30]Ve2[35]Ve1-expressing plants when compared to
Ve1-expressing plants and wild type plants (Figure 5D). Surprisingly, also plants
overexpressing the construct Ve1[22]Ve2[30]Ve1 displayed typical Verticillium wilt
symptoms comparable to those of wild type plants, and intermediate levels of fungal
biomass were measured in these transgenic plants (Figure 5 B to 5D). Stability of
the chimeric proteins was demonstrated by immunoblotting (Figure 5E) for the
plants expressing Ve1[22]Ve2[30]Ve1 and Ve1[22]Ve2[35]Ve1, showing that LRR22
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to LRR35 are required for full Ve1-mediated resistance. However, for the plants
expressing Ve1[30]Ve2[35]Ve1, the Ve chimera was not detected by immunoblotting.
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Figure 4. Functional characterization of Ve chimeric proteins each containing the C-terminus of Ve1.
(A) Schematic representations of transgenically expressed Ve1 (Ve1HA) and Ve2 (Ve2HA) and the
proteins encoded by the chimeric genes Ve2[8]Ve1, Ve2[14]Ve1, Ve2[22]Ve1, Ve2[30]Ve1, and Ve2[35]
Ve1. The numbers indicate the LRR at the site of the swap. (B) Typical appearance of non-transgenic
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sgs2 (control: Co.) and transgenic Arabidopsis sgs2 lines upon mock-inoculation or inoculation with V.
dahliae race 1. (C) Quantification of Verticillium wilt symptoms (Sympt.) in Co. and transgenic lines.
Bars represent quantification of symptoms presented as percentage of diseased rosette leaves with
standard deviation. Co. is set to 100%. (D) Fungal biomass determined by real-time PCR (R.Q.) in
Co. and transgenic lines. Bars represent Verticillium internal transcribed spacer (ITS) transcript levels
relative to Arabidopsis Rubisco transcript levels (for equilibration) with standard deviation. Co. is set
to 100%. Asterisks indicate significant differences when compared with Co. (P<0.05). (E) Total protein
extracts from Co. and transgenic lines analyzed by immunoblotting using α-HA. Coomassie Brillant
Blue stained gel (CBS) of the blots is used as loading control. M indicates position of size marker. (CE) For each construct two transgenic lines are shown (1, 2).
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Domain-swap analysis of Ve1 and Ve2
Figure 5. (left page) Analysis of the requirement of LRR22 to LRR35 of Ve1 for the mediation of
resistance against V. dahliae race 1 strain. (A) Schematic representations of transgenically expressed
Ve1 (Ve1HA) and Ve2 (Ve2HA) and the proteins encoded by the chimeric genes Ve1[22]Ve2[35]Ve1,
Ve1[22]Ve2[30]Ve1, and Ve1[30]Ve2[35]Ve1. The numbers indicate the LRR at the site of the swap.
(B) Typical appearance of non-transgenic sgs2 (control: Co.) and transgenic Arabidopsis sgs2 lines
upon mock-inoculation or inoculation with V. dahliae race 1. (C) Quantification of Verticillium wilt
symptoms (Sympt.) in Co. and transgenic lines. Bars represent quantification of symptoms presented
as percentage of diseased rosette leaves with standard deviation. Co. is set to 100%. (D) Fungal
biomass determined by real-time PCR (R.Q.) in Co. and transgenic lines. Bars represent Verticillium
internal transcribed spacer (ITS) transcript levels relative to Arabidopsis Rubisco transcript levels (for
equilibration) with standard deviation. Co. is set to 100%. Asterisks indicate significant differences
when compared with Co. (P<0.05). (E) Total protein extracts from Co. and transgenic lines analyzed by
immunoblotting using α-HA. Coomassie Brillant Blue stained gel (CBS) of the blots is used as loading
control. M indicates position of size marker. (C-E) For each construct two transgenic lines are shown
(1, 2).

Discussion
Full Ve1-mediated resistance requires LRR22 to LRR35
Of the five chimeric proteins Ve2[8]Ve1, Ve2[14]Ve1, Ve2[22]Ve1, Ve2[30]Ve1,
and Ve2[35]Ve1, in which the first 8, 14, 22, 30 or 35 LRRs of Ve1 were replaced
with those of Ve2, respectively, only plants expressing the Ve2[35]Ve1 chimera
were susceptible towards Verticillium, suggesting that at least LRR30 to LRR35
of Ve1 are required for Verticillium resistance. This was further confirmed by lines
expressing Ve1[22]Ve2[35]Ve1, in which LRR22 to LRR35 was replaced with those
of Ve2. In addition, plants expressing Ve1[22]Ve2[30]Ve1 were susceptible towards
Verticillium. Overall, our results show that replacement of LRR22 to LRR35 alters
resistance against Verticillium, demonstrating that this region contributes to Ve1mediated resistance.
Intriguingly, in Ve2[35]Ve1-, Ve1[22]Ve2[35]Ve1-, and Ve1[22]Ve2[30]
Ve1-expressing plants, intermediate levels of fungal biomass were measured when
compared to wild type plants and Ve1-expressing plants. Possibly, LRR22 to LRR35
of Ve1 quantitatively contribute to Verticillium resistance, and replacement of this
region only partially affected Ve1-mediated resistance. Quantitative contributions of
LRRs or of specific amino acids have been reported for the Cf-4- and Cf-9-mediated
hypersensitive responses as well as for the FLS2-mediated responses (van der Hoorn
et al., 2001b; Wulff et al., 2001; Wulff et al., 2009b; Dunning et al., 2007). However,
the intermediate level of fungal biomass combined with wild type symptom levels
is surprising as, so far, fungal biomass and observed symptoms had been found
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to correlate (Fradin et al, 2011). Possibly this could be the result of mixtures of
homozygous and heterozygous plants that were pooled to quantify fungal biomass,
as segregating lines were used for the analyses.
Ve2 LRR1 to LRR30 are functional
As mentioned above, plants expressing Ve1[22]Ve2[30]Ve1 or Ve2[30]Ve1 were
susceptible and resistant, respectively, against Verticillium. It appears from our
results that Ve2 LRR1 to LRR30 may recognize the race 1 elicitor if fused to LRR30
of the C-terminus of Ve1. Since Ve2 fails to provide resistance, our results further
suggest that the C-terminal domain of Ve2 is not functional. This was confirmed
by plants expressing Ve1[22]Ve2, Ve2[35]Ve1, and Ve1[22]Ve2[35]Ve1 that are
susceptible to Verticillium. Furthermore, Ve2[35]Ve1-expressing plants displayed
intermediate levels of fungal biomass, which was not observed in Ve2HA expressing
plants. These results indicate that the whole Ve2 C-terminal domain until LRR30 is
not functional.
Further analyses are needed to narrow down the regions required for Ve1mediated resistance
Domain LRR22 to LRR35 includes ten and four LRRs from the C1 and C3 domains,
respectively. Between Ve1 and Ve2, the ten C1 and four C3 LRRs differ by 29 and 7
amino acids, respectively. Domain swap experiments between the RLP receptor pairs
Cf-4/Cf-9, Cf-2/Cf-5, Cf-9/Cf-9B demonstrated that ligand specificity is determined
by the LRR domain, and more precisely by the C1 domain (van der Hoorn et al.,
2001b; Wulff et al., 2001; Seear and Dixon, 2003; Wulff et al., 2009b; Chakrabarti
et al., 2009). So far, the role of the C3 domain is unclear. However, comparison of
RLP sequences of Arabidopsis and rice show that the C3 domains along with the
extracytoplasmic and transmembrane domains are highly conserved between RLPs
(Fritz-Laylin et al., 2005; Wang et al., 2008). In Cf-4 and Cf-9 these regions are
identical (van der Hoorn et al., 2001b; Wulff et al., 2001). Domain-swaps between
CLV2 and AtRLP38 (a CLV2-like) demonstrated that the region from C3 to the
C-terminus of AtRLP38 could substitute that of CLV2 without affecting functionality
(Wang et al., 2010b).
Next to C1 and C3 LRRs, domain LRR22 to LRR35 encompasses the nonLRR island domain (C2) which differs by three amino acids between Ve1 and Ve2.
The C2 domain has been proposed to act as a flexible hinge region that facilitates
the LRR structure formation between the C1 and C3 regions (Jones and Jones, 1997;
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Fritz-Laylin et al., 2005; Shinohara et al., 2007). However, requirement and function
of the C2 domain has been shown to vary from one protein to another (Kinoshita
et al., 2005; Shinohara et al., 2007; Wang et al., 2010b). For instance, not all RLPs
and RLKs contain a C2 domain (Wang et al., 2008; Matsushima et al., 2009).
Furthermore, the C2 domains of Cf-4 and Cf-9 are identical, indicating that these
regions are not involved in ligand specificity (van der Hoorn et al., 2001b; Wulff et
al., 2001). Deletion of the C2 domain in CLV2 does not affect its functionality in plant
development (Wang et al., 2010b), whereas the C2 domains of BRI1 and DcPSKR1
(Li and Chory, 1997; Matsubayashi et al., 2002) are essential for functionality as
they bind the ligands brassinolide and phytosulfokine, respectively (Kinoshita et al.,
2005; Shinohara et al., 2007). In the case of Ve1-mediated resistance, possibly the
C2 domain is dispensable like in CLV2, or Ve2 C2 is unable to substitute for that of
Ve1.
Overall, at this point, it is impossible to determine why LRR22 to LRR35 are
important for Ve1 functionality. Possibly, this domain determines Ve1 specificity
or is required for protein-protein interaction. It would be interesting to further
characterize this region by deletion of the island domain, swapping of single LRRs or
mutagenesis of individual amino acids. Finally, we have shown that Ve1[22]Ve2[30]
Ve1 can provide resistance against Verticillium if LRR1 to LRR22 were replaced by
those of Ve2. Further analysis will be necessary to identify which LRRs in the region
between LRR1 to LRR22 have to be exchanged by those of Ve2 to make the chimera
Ve1[22]Ve2[30]Ve1 functional.

Materials and methods
Plant materials and manipulations
Plants were grown in soil in the greenhouse or in the climate chamber at 21°C/19°C
during 16/8 hours day/night periods, respectively, with 70% relative humidity and
100 W m-2 supplemental light when the light intensity dropped below 150 W m-2. For
inoculation with race 1 V. dahliae strain JR2, 2- to 3-week-old Arabidopsis plants
were uprooted and the roots were rinsed in water. Subsequently, the roots were
dipped for 3 minutes in a suspension of 106 conidia per ml of potato dextrose broth
(Difco), harvested from 1- to 2-week-old Verticillium cultures on potato dextrose agar
(Oxoid). Control plants were treated similarly, but their roots were dipped in potato
dextrose broth without conidia. After replanting in fresh soil, disease development
was monitored up to 21 days after inoculation.
Arabidopsis transformations were performed as described previously
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(Clough and Bent, 1998) and single insertion T2 lines were selected by analyzing
the segregation of Basta herbicide (glufosinateammonium, Bayer CropScience)
resistance. For each construct, at least two independent transgenic lines were used
and no developmental aberrations were observed in the transgenic plants.
Generation of Ve1 and Ve2 C-terminal HA-tag fusions
pGEM-TdsVe1HA was engineered to contain the tomato Ve1 CDS (FJ464556) fused
at the 3’ end to CDS for a triple hemagglutinin (HA) epitope tag. To this end, the 392
bp fragment upstream of the Ve1 stop codon was amplified from P35S:Ve1 (Fradin
et al., 2009) with Expand High-Fidelity PCR system enzyme mix (Roche) using
primer pair Ve1SeqF6 and Ve1HAtagR (Table 1). The PCR fragment was cloned into
pGEM-T Easy (Promega), sequenced using M13F and M13R (Table 1), and excised
using NciI and AscI. In addition, construct P35S:Ve1 was excised with BamHI and
NciI to obtain the Ve1 fragment from nucleotide 1 till 2791. Both fragments were
cloned into BamHI- and AscI-digested pGEM-Tds (a modified pGEM-T Easy vector
that was engineered to contain a BamHI and AscI restriction site, Table 1), resulting
in pGEM-TdsVe1HA. Similarly, pGEM-TdsVe2HA was engineered to contain the
tomato Ve2 CDS (FJ464558) fused at the 3’ end to the triple HA tag CDS. The 860 bp
fragment upstream of the Ve2 stop codon was amplified from P35S:Ve2 (Fradin et al.,
2009) using primer pair Ve2SeqF6 and Ve2HAtagR (Table 1), cloned into pGEM-T
Easy, sequenced, and excised with NciI and AscI. The Ve2 fragment from nucleotide
1 till 2785 was excised from P35S:Ve2 using BamHI and NciI. Subsequently, both
fragments were cloned into pGEM-Tds, resulting in pGEM-TdsVe2HA.
For in planta constitutive expression a variant of the Gateway vector pB7WG2
(Karimi et al., 2002) was engineered. To this end, the expression cassette between
the restriction enzymes KpnI and SacI of pB7WG2 was excised and replaced by the
expression cassette present between the KpnI and SacI restriction sites of a binary
vector pmog800 variant (Honée et al., 1998; Fradin et al., 2009). This resulted in
the construct pB7K40, which contains the constitutive CaMV 35S promoter, unique
BamHI and AscI cloning sites, and the terminator of the potato proteinase inhibitor
II (PiII) gene. Finally, the Ve1 and Ve2 CDS fused to the HA CDS were excised from
pGEM-TdsVe1HA and pGEM-TdsVe2HA, respectively, and cloned into BamHI- and
AscI-digested pB7K40, resulting in Ve1HA and Ve2HA, respectively.
Generation of chimeric Ve constructs
The endogenous restriction sites HindIII, XbaI, SspI, HhaI, and NciI that are conserved
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between Ve1 and Ve2 were used to perform the domain-swaps. To generate a chimeric
Ve CDS encoding LRR1 to LRR8 of Ve1 and LRR8 to the C-terminus of Ve2, the
Ve1 fragment between BamHI and HindIII was excised from pGEM-TdsVe1HA and
cloned into BamHI- and HindIII-digested pGEM-TdsVe2HA, resulting in pGVe1[8]
Ve2. To generate a chimeric Ve CDS encoding LRR1 to LRR14 of Ve1 and LRR14 to
the C-terminus of Ve2, the Ve1 fragment between BamHI and XbaI was excised from
pGEM-TdsVe1HA and cloned into BamHI- and XbaI-digested pGEM-TdsVe2HA,
resulting in pGVe1[14]Ve2. To generate a chimeric Ve CDS encoding LRR1 to
LRR22 of Ve1 and LRR22 to the C-terminus of Ve2, the Ve1 and Ve2 fragments
between XbaI and SspI, and between SspI and AscI, respectively, were excised from
pGEM-TdsVe1HA and pGEM-TdsVe2HA, respectively. The excised fragments were
then cloned into XbaI- and AscI-digested pGEM-TdsVe1HA, resulting in pGVe1[22]
Ve2. To generate a chimeric Ve CDS encoding LRR1 to LRR30 of Ve1 and LRR30
to the C-terminus of Ve2, the Ve1 and Ve2 fragments between BamHI and HhaI,
and between HhaI and AscI, respectively, were excised from pGEM-TdsVe1HA and
pGEM-TdsVe2HA. The excised fragments were then cloned into BamHI- and AscIdigested pGEM-Tds, resulting in pGVe1[30]Ve2. To generate a chimeric Ve CDS
encoding LRR1 to LRR35 of Ve1 and LRR35 to the C-terminus of Ve2, the Ve1 and
Ve2 fragments between BamHI and NciI, and between NciI and AscI, respectively,
were excised from pGEM-TdsVe1HA and pGEM-TdsVe2HA, respectively. The
excised fragments were then cloned into BamHI- and AscI-digested pGEM-Tds,
resulting in pGVe1[35]Ve2.
Reciprocal constructs of pGVe1[8]Ve2, pGVe1[14]Ve2, pGVe1[30]Ve2, and
pGVe1[35]Ve2 were generated. Basically, instead of chimeric Ve CDS containing
LRRs of Ve1 fused to LRR of Ve2 and its C-terminus, chimeric Ve CDS containing
LRRs of Ve2 fused to LRR of Ve1 and its C-terminus were generated. To this end,
the reciprocal Ve1 and Ve2 fragments used to generate pGVe1[8]Ve2, pGVe1[14]Ve2,
pGVe1[30]Ve2, and pGVe1[35]Ve2 were isolated following a similar cloning strategy
as described above. This resulted into the constructs pGVe2[8]Ve1, pGVe2[14]Ve1,
pGVe2[30]Ve1, and pGVe2[35]Ve1. The only exception is for the generation of a
chimeric Ve CDS encoding LRR1 to LRR22 of Ve2 and LRR22 to the C-terminus of
Ve1. In this case, the Ve2 and Ve1 fragments between BamHI and SspI, and between
SspI and AscI, respectively, were excised from pGEM-TdsVe2HA and pGEMTdsVe1HA, respectively. The excised fragments were then cloned into BamHI- and
AscI-digested pGEM-Tds, resulting in pGVe2[22]Ve1.
Finally, three additional constructs were engineered: pGVe1[22]Ve2[35]Ve1,
pGVe1[22]Ve2[30]Ve1, and pGVe1[30]Ve2[35]Ve1. To generate pGVe1[22]Ve2[35]
Ve1, a chimeric Ve CDS encoding LRR1 to LRR22 of Ve1, LRR22 to LRR35 of
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Ve2 and LRR35 to the C-terminus of Ve1, the chimeric fragment between SspI and
AscI was excised from pGVe2[35]Ve1, and the Ve1 fragment between XbaI and
SspI was excised from pGEM-TdsVe1HA. The excised fragments were cloned into
XbaI- and AscI-digested pGEM-TdsVe1HA, resulting in pGVe1[22]Ve2[35]Ve1. To
generate pGVe1[22]Ve2[30]Ve1, a chimeric Ve CDS encoding LRR1 to LRR22 of
Ve1, LRR22 to LRR30 of Ve2 and LRR30 to the C-terminus of Ve1, the chimeric
fragment between SspI and AscI was excised from pGVe2[30]Ve1, and the Ve1
fragment between XbaI and SspI was excised from pGEM-TdsVe1HA. The excised
fragments were then cloned into XbaI- and AscI-digested pGEM-TdsVe1HA, resulting
in pGVe1[22]Ve2[30]Ve1. Finally, to generate pGVe1[30]Ve2[35]Ve1, a chimeric Ve
CDS encoding LRR1 to LRR30 of Ve1, LRR30 to LRR35 of Ve2 and LRR35 to
the C-terminus of Ve1, the chimeric fragment between HhaI and AscI was excised
from pGVe2[35]Ve1, and the Ve1 fragment between BamHI and HhaI was excised
from pGEM-TdsVe1HA. The excised fragments were then cloned into BamHI- and
AscI-digested pGEM-Tds, resulting in pGVe1[30]Ve2[35]Ve1.
Each position of domain-swap was verified by sequencing (Table 1). For
constitutive expression, each chimeric Ve CDS was excised from its pGEM-Tds and
cloned into BamHI- and AscI-digested pB7K40, resulting in Ve2[8]Ve1, Ve2[14]Ve1,
Ve2[22]Ve1, Ve2[30]Ve1, Ve2[35]Ve1, Ve1[8]Ve2, Ve1[14]Ve2, Ve1[22]Ve2, Ve1[30]
Ve2, Ve1[35]Ve2, Ve1[22]Ve2[35]Ve1, Ve1[22]Ve2[30]Ve1, and Ve1[30]Ve2[35]Ve1.
Protein extraction and immunoblotting
For protein extracts, 400 mg of fresh leaf sample was ground in 1X PBS.
Subsequently, 40 µl of supernatant was denaturated by boiling for 5 minutes
with 16 µl of 10% (w/v) sodium dodecyl sulfate (SDS) and 10 µl of denaturing
solution [6.25 µM Tris-HCl, pH 6.8; 2% (w/v) SDS; 10% (w/v) glycerol; 5% (v/v)
b-mercaptoethanol; and 0.001% (w/v) bromophenol blue]. Each protein sample was
separated on duplicated 12% SDS-PAGE gels. One gel was stained with Coomassie
Brilliant Blue to demonstrate equal loading, the second gel was used for protein
transfer by electroblotting to polyvinylidene difluiride membrane (Bio-Rad). The
membrane was blocked in Tris-buffered saline tween [TBST: 50 mM Tris, pH7.4;
150 mM NaCl, 0.1% (w/v) Tween-20] supplemented with 5% (w/v) milk powder for
one hour at room temperature. Subsequently, the membrane was incubated overnight
at 4°C in TBST with 5% (w/v) milk powder supplemented with 1:2000 diluted antiHA-peroxidase. Finally, the membrane was washed three times with TBST and the
peroxidase activity was visualized with SuperSignal West Femto Chemiluminiscent
Substrate (Thermo Scientific, Pierce) according to the manufacturer’s instructions.

114

Domain-swap analysis of Ve1 and Ve2
Table 1. Primers used in this study
Primer name

Sequences (5’-3’)a

Descriptionc

Ve1SeqF6

acctgtcaacaaaccacctgtcc

Ve1 3xHA tag (C)

Ve1HAtagR

ggcgcgcctcaagcgtaatctggaacatcgtatgggtaagcgtaatctggaacatcgtatgggtaagcgtaatctggaacatcgtatgggtactttcttgaaaaccaaagc

Ve1 3x HA tag (AscI) (C)

Ve2SeqF6

taatcatcaaaggcatggagctg

Ve2 3x HA tag (C)

Ve2HAtagR

ggcgcgcctcaagcgtaatctggaacatcgtatgggtaagcgtaatctggaacatcgtatgggtaagcgtaatctggaacatcgtatgggtaaaactttttgtgatatatg

Ve2 3x HA tag (AscI) (C)

M13F

cgccagggttttcccagtcacgac

pGEM-T (S)

M13R

tcacacaggaaacagctatgac

pGEM-T (S)

Ve1SeqF3

ggaacaatttactcagcgggagc

Ve1 chimeric (S)

Ve1SeqR3

tcttggacagtcgaaaatatggg

Ve1 chimeric (S)

Ve1SeqR4

ccatgactgattcttgagatcgg

Ve1 chimeric (S)

Ve1SeqR5

ccttgtaagttattcgcactga

Ve1 chimeric (S)

Ve1SeqR6

caagggcattgtgtgacagattc

Ve1 chimeric (S)

Ve1R

ggcgcgcctcactttcttgaaaacgaaagc

Ve1 chimeric (AscI) (S)

Ve2SeqR3

aaggttcgaaatggtgtctggta

Ve2 chimeric (S)

Ve2SeqR4

ccttaagcctcccaacttcaaac

Ve2 chimeric (S)

Ve2SeqR5

gctaccgagaaaaaggaggca

Ve2 chimeric (S)

Ve2SeqR6

tgcgtcctgtctccacgtaatc

Ve2 chimeric (S)

Ve2SeqR7

ttggtgctggtttcaactctga

Ve2 chimeric (S)

ITS1-F

aaagttttaatggttcgctaaga

V. dahliae (RT)

STVe1-R

cttggtcatttagaggaagtaa

V. dahliae (RT)

At Rubisco-F3

gcaagtgttgggttcaaagctggtg

Arabidopsis Rubisco (RT)

At Rubisco-R3

ccaggttgaggagttactcggaatgctg

Arabidopsis Rubisco (RT)

Cloning
fragment

Sequence

Descriptionc

Multicloning
site

ccatgggatccaattaaggcgcgcctgcag

b

pGEM-Tds (NcoI, BamHI,
AscI, PstI) (C)

Restriction site in bold.
Restriction sites bold or underlined. Shared nucleotides between restriction sites are bold and
underlined.
c
The type of experiment for which the primers were used is indicated in brackets (C: cloning, RT:
real-time PCR, S: sequencing)
a

b
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V. dahliae biomass quantification in planta
Quantification of V. dahliae biomass was performed according to (Ellendorff et
al., 2009). Essentially, 21 days post inoculation four V. dahliae-inoculated plants
per genotype were pooled and harvested. The samples were ground to powder, and
subsequently DNA was extracted from approximately 100 mg of powder. V. dahliae
biomass was determined by real-time PCR using the qPCR Core kit for SYBR Green
I (Eurogentec). To assess V. dahliae biomass, the internal transcribed spacer (ITS)
region of the ribosomal DNA was targeted using the fungus-specific ITS1-F primer
(Gardes and Bruns, 1993) in combination with the V. dahliae-specific reverse primer
STVe1-R (Table 1; Lievens et al., 2006). For sample calibration, the Arabidopsis
large subunit of the Rubisco gene was targeted using the primer pair AtRubisco-F3
and -R3 (Table 1). Real-time PCR conditions consisted of an initial denaturation step
of 10 minutes at 95°C, followed by denaturation for 15 sec at 95°C, annealing for 30
sec at 62°C, and extension for 30 sec at 72°C for 40 cycles.
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Chapter 7
Although sources of resistance have been identified in multiple host plants, so
far the tomato Ve locus remains the only cloned locus that provides Verticillium
resistance (Kawchuk et al., 2001; Fradin and Thomma, 2006). This locus consists
of two genes, Ve1 and Ve2, that both encode cell surface receptor proteins belonging
to the extracellular Leucine-rich repeat (eLRR) receptor-like protein (RLP) class of
disease resistance proteins (Kawchuk et al., 2001; Wang et al., 2010a). Although it
was initially claimed that Ve1 and Ve2 independently confer resistance against a race
1 strain of Verticillium albo-atrum when expressed in potato (Kawchuk et al., 2001),
we showed that only Ve1 provides resistance against V. dahliae and V. albo-atrum
race 1 strains in tomato (Chapter 2; Fradin et al., 2009).

The heterologous Arabidopsis system
We aimed to develop Verticillium resistant Arabidopsis through Ve1 overexpression
as a tool to further dissect Ve1 signaling (Chapter 4; Fradin et al., 2011). We could
demonstrate that the functionality and specificity of Ve1 is retained when transferred
to Arabidopsis. This is a remarkable result as interfamily transfer of race-specific
resistance (R) genes is usually unsuccessful (Gurr and Rushton, 2005a; Gurr and
Rushton, 2005b; Gust et al., 2010; Wulff et al., 2011). The difficulty to transfer R
gene-mediated resistance across plant families can be explained by the generally
tight interaction between a pathogen and its host plant. R proteins recognize pathogen
avirulence (Avr) factors leading to so-called effector-triggered immunity (ETI)
(Jones and Dangl, 2006; Chisholm et al., 2006). The continuous arms race between a
pathogen and its host plant force both players to co-evolve rapidly through their Avr
and R genes, respectively, in order to avoid host recognition and to gain pathogen
recognition, respectively (Allen et al., 2008; Takken and Rep, 2010; Ravensdale et
al., 2011). Because of the tight interaction between host and pathogen, and thus
between R and Avr genes, the signaling cascade required for resistance might be
host-specific as well. Therefore, the possibility that all the required components of
a signaling cascade are present in another plant species decreases with increasing
evolutionary distance between donor and recipient species. Thus, a plant species
from a different family might lack particular signaling components explaining the
unsuccessful transfer of R gene-mediated resistance. We demonstrated that not only
transfer of Ve1-mediated resistance against Verticillium from tomato to Arabidopsis
was successful, but also that the signaling pathway utilized by Ve1 in tomato is
highly conserved in Arabidopsis.
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Ve1 is a pattern recogniton receptor
By definition, PTI (PAMP-triggered immunity) is mediated by PRRs (pattern
recognition receptors) that recognize PAMPs (pathogen-associated molecular
patterns) (Jones and Dangl, 2006; Chisholm et al., 2006). PAMPs are defined as
highly conserved microbial molecules that are essential for survival or fitness
(Nürnberger and Brunner, 2002; Jones and Dangl, 2006; Chisholm et al., 2006).
Since PAMPs are conserved between microbes, PRRs provide broad-spectrum host
resistance (Jones and Dangl, 2006; Chisholm et al., 2006; Lacombe et al., 2010). To
overcome PTI, pathogens have evolved effectors that interfere with PTI. In contrast
to PAMPS, effectors promote virulence and are not strictly essential for pathogen
survival. To stop invading pathogens, plants in turn have evolved receptors called R
proteins that (either directly or indirectly) recognize these effectors. As mentioned
above, upon effector recognition, a resistance response is initiated which is referred
to as ETI (Jones and Dangl, 2006; Chisholm et al., 2006). Since effectors have
evolved in close interaction between a pathogen and its host plant, effectors are
race-specific and the R proteins are cultivar-specific. Typically, ETI often culminates
in an hypersensitive response (HR) and is considered as an accelerated and amplified
PTI response (Jones and Dangl, 2006; Chisholm et al., 2006; Tsuda and Katagiri,
2010). A consequence of the above, plant immunity is presently described as a two
layered system. The first layer is provided by PTI and the second by ETI. This two
layer system is represented in the zigzag model (Jones and Dangl, 2006).
Since the introduction of the zigzag model, pathogen receptors are classified
as either PRR or R proteins, and pathogen elicitors are classified as either PAMPs
or effectors. The plant receptors FLS2 (flagellin sensing 2), EFR (elongation factor
Tu receptor), and CERK1 (chitin elicitor receptor kinase 1) are typical PRRs. In
addition, bacterial flagellin, elongation factor Tu, and fungal chitin are considered
typical PAMPs, and are perceived by the FLS2, EFR and CERK1 receptor,
respectively (Gómez-Gómez and Boller, 2000; Zipfel et al., 2006; Miya et al.,
2007). As mentioned earlier, Ve1 provides race-specific resistance as it contains race
1 strains of Verticillium, but not race 2 strains. However, although it is an R protein
by definition, Ve1 has clear traits of a PRR. Firstly, Ve1 mediates resistance against
two fungal species (V. dahliae and V. albo-atrum). Although the race 1 elicitor is
not yet identified, Ve1 likely recognizes an elicitor that is conserved between these
species and is potentially a PAMP. Secondly, we demonstrated that transfer of Ve1
across plant families successfully provides resistance against Verticillium (Chapter
4; Fradin et al., 2011), likely because the downstream signaling cascade utilized by
Ve1 in tomato is conserved. While most R proteins are evolutionary relatively young,
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and novel members continuously arise during co-evolution between pathogens and
their hosts, most PRRs are evolutionary ancient receptors that have been maintained
throughout the plant kingdom after speciation. Consequently, interfamily transfer of
race-specific R genes has met little success (Wulff et al., 2011), whereas interfamily
transfer of PAMP receptors appears to be more successful as can be exemplified
by the transfer of the PRRs EFR and FLS2 from Arabidopsis to N. benthamiana
and tomato (Chinchilla et al., 2006; Zipfel et al., 2006; Lacombe et al., 2010). In
support of an ancient evolutionary origin, putative Ve orthologues were identified
within the Solanaceae family (in wild relatives of eggplant and tomato; cultivated
potato; Chai et al., 2003; Fei et al., 2004; Simko et al., 2004b), as well as outside
this family (in mint and spear mint; Vining et al., 2007; Vining and Davis, 2009).
Thirdly, as pointed out recently (Thomma et al., 2011), Ve1-mediated resistance is
reminiscent of PTI. Also in resistant plants, Verticillium initially enters root xylem
vessels and sporulates, which results in colonization of stem vessels (Gold and Robb,
1995; Heinz et al., 1998; Fradin et al., 2009). Subsequently, fungal elimination as a
consequence of plant defense occurs. This observation fits with the general idea that
PTI is a weak variant of ETI (Jones and Dangl, 2006; Chisholm et al., 2006; Tsuda
and Katagiri, 2010).

The continuum between PTI and ETI
As research on plant-pathogen interactions advances it is clear that there is a continuum
between PTI and ETI (Thomma et al., 2011). As a consequence, classification of
single pathogen molecules as PAMP or effector, and single plant receptors as a PRR
or an R protein, is not always easy. This is illustrated by the Cladosporium fulvum
Avr4 elicitor and the matching tomato receptor Cf-4 (Joosten et al., 1994; Thomas,
1997; Stergiopoulos et al., 2010). Until recently, Avr4 was only considered as a
race-specific elicitor of C. fulvum. However, a functional orthologue of Avr4 has
been identified in Mycosphaerella fijiensis (MfAvr4) (Stergiopoulos et al., 2010).
Like Avr4, MfAvr4 binds to chitin and protects fungal hyphae against hydrolysis
by plant chitinases (van den Burg et al., 2004; van Esse et al., 2007; Stergiopoulos
et al., 2010). In addition, it was demonstrated that Cf-4 also recognizes MfAvr4
(Stergiopoulos et al., 2010). This example demonstrates that, like a PAMP, Avr4 is
conserved in other fungal species.
Another example is the Ecp6 effector from C. fulvum (Bolton et al., 2008).
Ecp6 prevents the activation of PAMP-triggered immunity by sequestering chitin
oligosaccharides that are released from invading hyphae (de Jonge et al., 2010).
Consequently, Ecp6 promotes C. fulvum virulence as demonstrated by Ecp6
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knock-down experiments (Bolton et al., 2008). However, unlike typical effectors,
Ecp6 homologues are widely conserved in fungi (Bolton et al., 2008; de Jonge
and Thomma, 2009). Recently it was demonstrated that two homologues of
Ecp6 in Mycosphaerellae graminicola (Mg1LysM and Mg3LysM) bind to chitin
(Marshall et al., 2011). Similar to Ecp6, Mg3LysM also suppresses plant defense
responses induced by chitin and is required for virulence (Marshall et al., 2011).
Overall, although Ecp6 suppresses PTI, it can be considered a PAMP because of its
conservation across fungi.
The examples provided here, with Ve1 as an R protein by definition but with
clear PRR traits, and pathogen effectors that have PAMP-like characteristics, argue
that a clear distinction between PTI and ETI can hardly be maintained. Based on these
examples and others, the idea has recently been raised that plant immune responses
span a continuum between PTI and ETI rather than acting as distinct mechanisms
(Thomma et al., 2011).

Ve2: an inactive gene, nothing else?
In chapters 2, 4 and 6 we demonstrated that Ve2 failed to provide Verticillium
resistance in tomato and Arabidopsis (Fradin et al., 2009; Fradin et al., 2011). This
result came as a surprise as it was claimed that Ve2 is a functional pathogen receptor
(Kawchuk et al., 2001). Presence of active and non-active genes frequently occurs in
pathogen receptor loci. Such loci were found for instance in tomato (e.g. Cf clusters
providing resistance against C. fulvum; Dixon et al., 1996; Parniske et al., 1997;
Dixon et al., 1998; Kruijt et al., 2005), in apple (e.g. Vf cluster providing resistance
against Venturia inaequalis; Vinatzer et al., 2001; Malnoy et al., 2008), and in
rice (e.g. Xa21 and Xa3/Xa26 clusters providing resistance against Xanthomonas
oryzae pv. oryzae; Song et al., 1997; Sun et al., 2006). In some clusters, paralogues
are predicted to have intact open reading frames, while others are predicted to be
pseudogenes (Song et al., 1997; Vinatzer et al., 2001; Xu and Korban, 2002; Sun et
al., 2006). By sequencing Ve2 from several resistant and susceptible tomato cultivars,
we could not identify mutations that suggest that Ve2 is a pseudogene (Chapter 2;
Fradin et al., 2009).
It is generally accepted that inactive paralogues have the potential to evolve
into active pathogen receptor genes with different specificities or functions than the
proteins encoded by the other paralogues (Michelmore and Meyers, 1998; Hulbert
et al., 2001; Meyers et al., 2005; Kruijt et al., 2005; Friedman and Baker, 2007).
Alternatively, the inactive paralogues might already be functional, albeit with
yet unknown recognition specificities. Thus, Ve2 might have a yet undetermined
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function, but may also be a source for generation of novel resistance genes. This
might occur through different processes such as duplication, intergenic and intragenic
recombination, unequal recombination, gene conversion and point mutation. Study
of the Cf-9/Cf-9DC/Cf-4 clusters demonstrated that these three Cf clusters have
evolved through intragenic recombinations (Parniske et al., 1997; Kruijt et al.,
2005). These recombinations have resulted in the generation of paralogues with the
same recognition specificity in the case of Cf-9 and Cf-9DC2 (Jones et al., 1994; van
der Hoorn et al., 2001a; Kruijt et al., 2005) or different specificities in the case of
Cf-9 and Cf-9B, (Jones et al., 1994; Laugé et al., 1998) and Cf-4 and Cf-4E (Thomas,
1997; Takken et al., 1999).

SERK1 and SERK3: the missink links?
As an RLP, Ve1 typically lacks obvious cytoplasmic signaling domains apart
from the putative endocytosis motif (Kawchuk et al., 2001). So far it is unknown
how downstream signaling is activated once the Verticillium elicitor is perceived.
Possibly, signal transduction is achieved through the formation of an heterodimeric
complex between Ve1 and a receptor carrying a cytoplasmic signaling domain, like
a kinase. So far, such complex has not been identified in any of the known resistance
responses mediated by an RLP (Wang et al., 2010a). However, such complex was
identified in plant development for the regulation of meristem maintenance that
involves the RLP CLV2 (CLAVATA 2; Kayes and Clark, 1998; Jeong et al., 1999;
Taguchi-Shiobara et al., 2001). It was demonstrated that CLV2 forms an heterodimer
with the receptor-like kinase (RLK) CRN (CORYNE; Müller et al., 2008) and
possibly with the RLK CLV1 (Jeong et al., 1999). Interestingly, by studying Ve1mediated signaling in tomato and Arabidopsis, we could demonstrate that the
somatic embryogenesis receptor-like protein kinases 1 (SERK1) and 3 (SERK3;
also known as brassinosteroid insensitive 1 associated receptor kinase 1, BAK1),
and to some extent SERK4 in Arabidopsis, are required to mediate resistance against
race 1 Verticillium (Chapters 2, 4, and 5; Fradin et al, 2009; Fradin et al., 2011).
The SERK proteins are RLKs of which AtSERK1 and AtSERK3/BAK1 are known
co-receptors involved in several pathways. Both AtSERK1 and AtSERK3/BAK1 act
as co-receptors of the hormone receptor BRI1 (Brassinosteroid-insensitive 1; Li et
al., 2002; Nam and Li, 2002; Karlova et al., 2006). In addition, AtSERK3 is also a
co-receptor of the pathogen receptor FLS2 (Chinchilla et al., 2007b; Heese et al.,
2007). Thus, both in tomato and Arabidopsis, SERK1 and SERK3/BAK1 may act as
co-receptors of Ve1 and assist in mediating intracellular signal transduction.
The SERK proteins are involved in development and/or defense (Hecht et al.,
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2001; Albrecht et al., 2005; Li, 2010). Arabidopsis AtSERK1 and AtSERK2 play roles
in anther development and male gametophyte maturation (Colcombet et al., 2005;
Albrecht et al., 2005), while AtSERK1 and AtSERK3 are involved in BR perception
(Li et al., 2002; Nam and Li, 2002; Karlova et al., 2006). Furthermore, AtSERK3/
BAK1 is required for bacterial resistance mediated by FLS2 and EFR (Chinchilla et
al., 2007b) and for basal resistance against turnip crinkle virus (Yang et al., 2010). In
addition, AtSERK3/BAK1 and AtSERK4 are implicated in programmed cell death
(He et al., 2007; Kemmerling et al., 2007). AtSERK3/BAK1 is a co-receptor of two
RLKs, BIR1 (BAK1-interacting receptor kinase) and PEPR1 (PEP1 receptor 1;
Huffaker et al., 2006; Gao et al., 2009; Postel et al., 2010). BIR1 is proposed to act as
a negative regulator of resistance signaling (Gao et al., 2009), and PEPR1 perceives
AtPEP1, a wound-induced plant peptide (Huffaker et al., 2006; Postel et al., 2010).
In N. benthamiana, NbSERK3/BAK1 is required for resistance against adapted and
non-adapted bacteria and against the oomycetes Hyaloperonospora arabidopsidis
and Phytophthora infestans (Heese et al., 2007; Chaparro-Garcia et al., 2011). In
addition, NbSERK3/BAK1 is required to mediate the HR induced by the P. infestans
elicitor INF1 (Heese et al., 2007; Chaparro-Garcia et al., 2011). Although to a lesser
extent, also SERK1 is required in multiple resistance pathways as it is required for
Ve1-mediated resistance and for Cf-4-mediated resistance against C. fulvum (Fradin
et al., 2011). Recently, SERK1 has been implicated in the resistance mediated by the
intracellular receptor Mi-1 against aphid infestation (Mantelin et al., 2011).
So far, there is no indication that an elicitor binds to AtSERK3/BAK1. Of
the protein complexes in which AtSERK3/BAK1 acts as a co-receptor, ligand
binding occurs by FLS2, EFR, BRI1, and PEPR1. It has been demonstrated that
upon perception of their respective elicitors, BRI1, FLS2, EFR, and PEPR1
form a complex with AtSERK3/BAK1. Following protein complex formation,
transphosphorylation occurs and downstream signaling is activated (Wang et al.,
2005a; Wang et al., 2005b; Wang and Chory, 2006; Chinchilla et al., 2007a; Heese
et al., 2007; Schulze et al., 2010). It is remarkable that SERK3/BAK1 is involved
in such diverse signaling pathways. BRI1, FLS2, EFR, and PEPR1 are involved in
elicitor perception and play a role in signal transduction, as they all have the potential
to activate downstream signaling through their kinase domains. For instance in the
case of BRI1-AtSERK3/BAK1, it was demonstrated that BRI1 and AtSERK3/BAK1
sequentially and reciprocally phosphorylate each other resulting in a full response
to BR (Wang et al., 2008; Yun et al., 2009). However, since Ve1 does not have
any kinase domain, activation of a specific downstream signaling cascade would
rely on the co-receptors. Given that AtSERK1 and AtSERK3 are involved in other
signaling pathways, it is likely that specificity of the signaling cascade downstream
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of Ve1 is mediated by additional components present in the receptor complex. In
the BRI1-AtSERK3/BAK1 complex, AtSERK1 has also a role as co-receptor and
possibly other proteins are also involved (Karlova et al., 2006). Also in the FLS2-,
EFR- and BRI1-AtSERK3/BAK1 complexes possibly other components might be
required, as suggested by the existence of mild bak1 mutant phenotypes compared
to the strong bri1, fls2, and efr mutant phenotypes in response to treatments with
BR, flg22, and elf18, respectively (Li et al., 2002; Nam and Li, 2002; Chinchilla et
al., 2007b; Heese et al., 2007). Thus, interaction studies including pull-down and coimmunoprecipitation analyses with Ve1 will be necessary to confirm the interaction
with the SERK proteins and further unravel the Ve1 receptor complex.

126

References

References
Aarts N, Metz M, Holub E, Staskawicz BJ, Daniels MJ, Parker JE (1998) Different
requirements for EDS1 and NDR1 by disease resistance genes define at least two
R gene-mediated signaling pathways in Arabidopsis. Proceedings of the National
Academy of Sciences of the United States of America 95: 10306-10311
Acciarri N, Rotino GL, Tamietti G, Valentino D, Voltattorni S, Sabatini E (2007)
Molecular markers for Ve1 and Ve2 Verticillium resistance genes from Italian tomato
germplasm. Plant Breeding 126: 617-621
Agrios GN (2005) Plant Pathology, Ed 5th edn. Elsevier Academic Press, New York
Agrios GN (1997) Plant Pathology, Ed 4th edn. Academic Press., San Diego
Albrecht C, Russinova E, Hecht V, Baaijens E, de Vries S (2005) The Arabidopsis thaliana
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASES1 and 2 control male
sporogenesis. The Plant Cell 17: 3337-3349
Albrecht C, Russinova E, Kemmerling B, Kwaaitaal M, de Vries SC (2008) Arabidopsis
SOMATIC EMBRYOGENESIS RECEPTOR KINASE proteins serve brassinosteroiddependent and -independent signaling pathways. Plant Physioliology 148: 611–619
Allen RL, Meitz JC, Baumber RE, Hall SA, Lee SC, Rose LE, Beynon JL (2008) Natural
variation reveals key amino acids in a downy mildew effector that alters recognition
specificity by an Arabidopsis resistance gene. Molecular Plant Pathology 9: 511-523
Bae J, Halterman D, Jansky S (2008) Development of a molecular marker associated with
Verticillium wilt resistance in diploid interspecific potato hybrids. Molecular Breeding
22: 61-69
Baker SS, Wilhelm KS, Thomashow MF (1994) The 5’-region of Arabidopsis thaliana
cor15a has cis-acting elements that confer cold-, drought- and ABA-regulated gene
expression. Plant Molecular Biology 24: 701-713
Bar M, Avni A (2009) EHD2 inhibits ligand-induced endocytosis and signaling of the
leucine-rich repeat receptor-like protein LeEix2. The Plant Journal 59: 600-611
Bar M, Sharfman M, Ron M, Avni A (2010) BAK1 is required for the attenuation of
ethylene-inducing xylanase (Eix)-induced defense responses by the decoy receptor
LeEix1. The Plant Journal 63: 791-800
Barbara DJ, Clewes E (2003) Plant pathogenic Verticillium species: how many of them are
there? Molecular Plant Pathology 4: 297-305
Beck I, Wittig C, Link G (1995) Transient expression activity of RbcS promoter regions
from Brassica napus in mesophyll protoplasts from Nicotiana tabacum. Botanica Acta
108: 327-333
Belfanti E, Silfverberg-Dilworth E, Tartarini S, Patocchi A, Barbieri M, Zhu J, Vinatzer
BA, Gianfranceschi L, Gessler C, Sansavini S (2004) The HcrVf2 gene from a wild
apple confers scab resistance to a transgenic cultivated variety. Proceedings of the
National Academy of Sciences of the United States of America 101: 886-890
Bell AA (1969) Phytoalexin production and Verticillium wilt resistance in cotton.
Phytopathology 59: 1119-1127
Benhamou N (1995) Ultrastructural and cytochemical aspects of the response of eggplant

130

References
parenchyma cells in direct contact with Verticillium-infected xylem vessels.
Physiological and Molecular Plant Pathology 46: 321-338
Bhat RG, Subbarao KV (1999) Host range specificity in Verticillium dahliae. Phytopathology
89: 1218-1225
Bhat RG, Smith RF, Koike ST, Wu BM, Subbarao KV (2003) Characterization of
Verticillium dahliae isolates and wilt epidemics of pepper. Plant Disease 87: 789-797
Bishop CD, Cooper RM (1983) An ultrastructural study of vascular colonization in three
vascular wilt diseases I. Colonization of susceptible cultivars. Physiological Plant
Pathology 23: 323-343
Bleecker AB, Estelle MA, Somerville C, Kende H (1988) Insensitivity to ethylene conferred
by a dominant mutation in Arabidopsis thaliana. Science 241: 1086-1089
Bolek Y, El-Zik KM, Pepper AE, Bell AA, Magill CW, Thaxton PM, Reddy OUK (2005)
Mapping of Verticillium wilt resistance genes in cotton. Plant Science 168: 1581-1590
Bolton MD, van Esse HP, Vossen JH, de Jonge R, Stergiopoulos I, Stulemeijer IJE, van
den Berg GCM, Borrãs-Hidalgo O, Dekker HL, de Koster CG, de Wit PJGM,
Joosten MHAJ, Thomma BPHJ (2008) The novel Cladosporium fulvum lysin motif
effector Ecp6 is a virulence factor with orthologues in other fungal species. Molecular
Microbiology 69: 119-136
Bowers JH, Nameth ST, Riedel RM, Rowe RC (1996) Infection and colonization of potato
roots by Verticillium dahliae as affected by Pratylenchus penetrans and P. crenatus.
Phytopathology 86: 614-621
Brigneti G, Martín-Hernández AM, Jin H, Chen J, Baulcombe DC, Baker B, Jones
JDG (2004) Virus-induced gene silencing in Solanum species. The Plant Journal 39:
264-272
Burch-Smith TM, Anderson JC, Martin GB, Dinesh-Kumar SP (2004) Applications and
advantages of virus-induced gene silencing for gene function studies in plants. The
Plant Journal 39: 734-746
Butaye KMJ, Goderis IJWM, Wouters PFJ, Pues JMTG, Delauré SL, Broekaert
WF, Depicker A, Cammue BPA, de Bolle MFC (2004) Stable high-level transgene
expression in Arabidopsis thaliana using gene silencing mutants and matrix attachment
regions. The Plant Journal 39: 440-449
Cao H, Bowling SA, Gordon AS, Dong X (1994) Characterization of an Arabidopsis mutant
that is nonresponsive to inducers of systemic acquired resistance. The Plant Cell 6:
1583-1592
Cassells AC, Curry RF (2001) Oxidative stress and physiological, epigenetic and genetic
variability in plant tissue culture: Implications for micropropagators and genetic
engineers. Plant Cell, Tissue and Organ Culture 64: 145-157
Century KS, Holub EB, Staskawicz BJ (1995) NDR1, a locus of Arabidopsis thaliana that
is required for disease resistance to both a bacterial and a fungal pathogen. Proceedings
of the National Academy of Sciences of the United States of America 92: 6597-6601
Chai YR, Zhao LX, Liao ZH, Sun XF, Zuo KJ, Zhang L, Wang SG, Tang KX (2003)

131

References
Molecular cloning of a potential Verticillium dahliae resistance gene SlVe1 with multisite polyadenylation from Solanum licopersicoides. DNA Sequence 14: 375-384
Chakrabarti A, Panter SN, Harrison K, Jones JDG, Jones DA (2009) Regions of the Cf-9B
disease resistance protein able to cause spontaneous necrosis in Nicotiana benthamiana
lie within the region controlling pathogen recognition in tomato. Molecular PlantMicrobe Interactions 22: 1214-1226
Chaparro-Garcia A, Wilkinson RC, Gimenez-Ibanez S, Findlay K, Coffey MD, Zipfel
C, Rathjen JP, Kamoun S, Schornack S (2011) The receptor-like kinase serk3/bak1
is required for basal resistance against the late blight pathogen Phytophthora infestans
in Nicotiana benthamiana. PLoS ONE 6
Chen P, Lee B, Robb J (2004) Tolerance to a non-host isolate of Verticillium dahliae in
tomato. Physiological and Molecular Plant Pathology 64: 283-291
Chinchilla D, Bauer Z, Regenass M, Boller T, Felix G (2006) The Arabidopsis receptor
kinase FLS2 binds flg22 and determines the specificity of flagellin perception. The
Plant Cell 18: 465-476
Chinchilla D, Boller T, Robatzek S (2007a) Flagellin signalling in plant immunity. In JD
Lambris, ed, Advances in Experimental Medicine and Biology, Vol 598, pp 358-371
Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nürnberger T, Jones JDG, Felix G,
Boller T (2007b) A flagellin-induced complex of the receptor FLS2 and BAK1 initiates
plant defence. Nature 448: 497-500
Chisholm ST, Coaker G, Day B, Staskawicz BJ (2006) Host-microbe interactions: Shaping
the evolution of the plant immune response. Cell 124: 803-814
Clough SJ, Bent AF (1998) Floral dip: A simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. The Plant Journal 16: 735-743
Colcombet J, Boisson-Dernier A, Ros-Palau R, Vera CE, Schroeder JI (2005) Arabidopsis
SOMATIC EMBRYOGENESIS RECEPTOR KINASES1 and 2 are essential for
tapetum development and microspore maturation. The Plant Cell 17: 3350-3361
Collins A, Okoli CAN, Morton A, Parry D, Edwards SG, Barbara DJ (2003) Isolates
of Verticillium dahliae pathogenic to crucifers are of at least three distinct molecular
types. Phytopathology 93: 364-376
Cooper RW, Resende MLV, Flood J, Rowan MG, Beale MH, Potter U (1996) Detection
and cellular localization of elemental sulphur in disease-resistant genotypes of
Theobroma cacao. Nature 379: 159-162
Cordes S, Deikman J, Margossian LJ, Fischer RL (1989) Interaction of a developmentally
regulated DNA-binding factor with sites flanking two different fruit-ripening genes
from tomato. The The Plant Cell 1: 1025-1034
Correll JC, Gordon TR, McCain AH (1988) Vegetative compatibility and pathogenicity of
Verticillium albo-atrum. Phytopathology 78: 1017-1021
Daayf F, Nicole M, Boher B, Pando A, Geiger JP (1997) Early vascular defense reactions of
cotton roots infected with a defoliating mutant strain of Verticillium dahliae. European
Journal of Plant Pathology 103: 125-136

132

References
Dalmay T, Hamilton A, Rudd S, Angell S, Baulcombe DC (2000) An RNA-dependent
RNA polymerase gene in Arabidopsis is required for posttranscriptional gene silencing
mediated by a transgene but not by a virus. Cell 101: 543-553
Daraselia ND, Tarchevskaya S, Narita JO (1996) The promoter for tomato 3-hydroxy3-methylglutaryl coenzyme A reductase gene 2 has unusual regulatory elements that
direct high-level expression. Plant Physiology 112: 727-733
de Jonge R, Thomma BPHJ (2009) Fungal LysM effectors: extinguishers of host immunity?
Trends in Microbiology 17: 151-157
de Jonge R, van Esse HP, Kombrink A, Shinya T, Desaki Y, Bours R, van der Krol S,
Shibuya N, Joosten MHAJ, Thomma BPHJ (2010) Conserved fungal LysM effector
Ecp6 prevents chitin-triggered immunity in plants. Science 329: 953-955
Diaz de Leon F, Klotz KL, Lagrimini LM (1993) Nucleotide sequence of the tobacco
(Nicotiana tabacum) anionic peroxidase gene. Plant Physiology 101: 1117-1118
Diwan N, Fluhr R, Eshed Y, Zamir D, Tanksley SD (1999) Mapping of Ve in tomato: a
gene conferring resistance to the broad-spectrum pathogen, Verticillium dahliae race 1.
Theoretical and Applied Genetics 98: 315-319
Dixon GR, Pegg GF (1969) Hyphal lysis and tylose formation in tomato cultivars infected by
Verticillium albo-atrum. Transactions of the British Mycological Society 53: 109-118
Dixon MS, Jones DA, Keddie JS, Thomas CM, Harrison K, Jones JDG (1996) The
tomato Cf-2 disease resistance locus comprises two functional genes encoding leucinerich repeat proteins. Cell 84: 451-459
Dixon MS, Hatzixanthis K, Jones DA, Harrison K, Jones JDG (1998) The tomato Cf-5
disease resistance gene and six homologs show pronounced allelic variation in leucinerich repeat copy number. The Plant Cell 10: 1915-1925
Dobinson KF, Grant SJ, Kang S (2004) Cloning and targeted disruption, via Agrobacterium
tumefaciens-mediated transformation, of a trypsin protease gene from the vascular wilt
fungus Verticillium dahliae. Current Genetics 45: 104-110
Dodds PN, Lawrence GJ, Catanzariti AM, Ayliffe MA, Ellis JG (2004) The Melampsora
lini AvrL567 avirulence genes are expressed in haustoria and their products are
recognized inside plant cells. The Plant Cell 16: 755-768
du Toit LJ, Derie ML, Hernandez-Perez P (2005) Verticillium wilt in spinach seed
production. Plant Disease 89: 4-11
Dunning FM, Sun W, Jansen KL, Helft L, Bent AF (2007) Identification and mutational
analysis of Arabidopsis FLS2 leucine-rich repeat domain residues that contribute to
flagellin perception. The Plant Cell 19: 3297-3313
Durrant WE, Rowland O, Piedras P, Hammond-Kosack KE, Jones JDG (2000) cDNAAFLP reveals a striking overlap in race-specific resistance and wound response gene
expression profiles. The Plant Cell 12: 963-977
Ekengren SK, Liu Y, Schiff M, Dinesh-Kumar SP, Martin GB (2003) Two MARK
cascades, NPR1, and TGA transcription factors play a role in Pto-mediated disease
resistance in tomato. The Plant Journal 36: 905-917

133

References
Ellendorff U, Zhang Z, Thomma BPHJ (2008) Gene silencing to investigate the roles of
receptor-like proteins in Arabidopsis. Plant Signaling and Behavior 3: 893-896
Ellendorff U, Fradin EF, de Jonge R, Thomma BPHJ (2009) RNA silencing is required
for Arabidopsis defence against Verticillium wilt disease. Journal of Experimental
Botany 60: 591-602
Ellul P, Garcia-Sogo B, Pineda B, Ríos G, Roig LA, Moreno V (2003) The ploidy level
of transgenic plants in Agrobacterium-mediated transformation of tomato cotyledons
(Lycopersicon esculenturn L.Mili.) is genotype and procedure dependent. Theoretical
and Applied Genetics 106: 231-238
Evans G, Wilhelm S, Snyder WC (1967) Quantitative studies by plate counts of propagules
of Verticillium wilt fungus in cotton field soils. Phytopathology 57: 1250-1255
Falk A, Feys BJ, Frost LN, Jones JDG, Daniels MJ, Parker JE (1999) EDS1, an essential
component of R gene-mediated disease resistance in Arabidopsis has homology to
eukaryotic lipases. Proceedings of the National Academy of Sciences of the United
States of America 96: 3292-3297
Fei J, Chai YR, Wang J, Lin J, Sun XF, Sun C, Zuo KJ, Tang KX (2004) cDNA cloning
and characterization of the Ve homologue gene StVe from Solanum torvum Swartz.
DNA Sequence 15: 88-95
Felsenstein J (1985) Confidence limits on phylogenies: An approach using the bootstrap.
Evolution 39: 783-791
Feys BJF, Benedetti CE, Penfold CN, Turner JG (1994) Arabidopsis mutants selected for
resistance to the phytotoxin coronatine are male sterile, insensitive to methyl jasmonate,
and resistant to a bacterial pathogen. The Plant Cell 6: 751-759
Filipecki M, Malepszy S (2006) Unintended consequences of plant transformation: A
molecular insight. Journal of Applied Genetics 47: 277-286
Fradin EF, Thomma BPHJ (2006) Physiology and molecular aspects of Verticillium wilt
diseases caused by V. dahliae and V. albo-atrum. Molecular Plant Pathology 7: 71-86
Fradin EF, Zhang Z, Ayala JCJ, Castroverde CDM, Nazar RN, Robb J, Liu CM,
Thomma BPHJ (2009) Genetic dissection of Verticillium wilt resistance mediated by
tomato Ve1. Plant Physiology 150: 320-332
Fradin EF, Abd-El-Haliem A, Masini L, van den Berg GCM, Joosten MHAJ, Thomma
BPHJ (2011) Interfamily transfer of tomato Ve1 mediates Verticillium resistance in
Arabidopsis. Plant Physiology 156:2255-2265
Friedman AR, Baker BJ (2007) The evolution of resistance genes in multi-protein plant
resistance systems. Current Opinion in Genetics and Development 17: 493-499
Fritz-Laylin LK, Krishnamurthy N, Tör M, Sjölander KV, Jones JDG (2005)
Phylogenomic analysis of the receptor-like proteins of rice and Arabidopsis. Plant
Physiology 138: 611-623
Frye CA, Innes RW (1998) An arabidopsis mutant with enhanced resistance to powdery
mildew. The Plant Cell 10: 947-956
Gabriëls SHEJ, Takken FLW, Vossen JH, de Jong CF, Liu Q, Turk SCHJ, Wachowski

134

References
LK, Peters J, Witsenboer HMA, de Wit PJGM, Joosten MHAJ (2006) cDNA-AFLP
combined with functional analysis reveals novel genes involved in the hypersensitive
response. Molecular Plant-Microbe Interactions 19: 567-576
Gabriëls SHEJ, Vossen JH, Ekengren SK, Ooijen GV, Abd-El-Haliem AM, van den
Berg GCM, Rainey DY, Martin GB, Takken FLW, de Wit PJGM, Joosten MHAJ
(2007) An NB-LRR protein required for HR signalling mediated by both extra- and
intracellular resistance proteins. The Plant Journal 50: 14-28
Gao M, Wang X, Wang D, Xu F, Ding X, Zhang Z, Bi D, Cheng YT, Chen S, Li X, Zhang
Y (2009) Regulation of cell death and innate immunity by two receptor-like kinases in
Arabidopsis. Cell Host and Microbe 6: 34-44
Gardes M, Bruns TD (1993) ITS primers with enhanced specificity for basidiomycetes
application to the identification of mycorrhizae and rusts. Molecular Ecology 2: 113118
Glazebrook J, Ausubel FM (1994) Isolation of phytoalexin-deficient mutants of Arabidopsis
thaliana and characterization of their interactions with bacterial pathogens. Proceedings
of the National Academy of Sciences of the United States of America 91: 8955-8959
Glazebrook J, Rogers EE, Ausubel FM (1996) Isolation of Arabidopsis mutants with
enhanced disease susceptibility by direct screening. Genetics 143: 973-982
Glazebrook J, Zook M, Mert F, Kagan I, Rogers EE, Crute IR, Holub EB,
Hammerschmidt R, Ausubel FM (1997) Phytoalexin-deficient mutants of Arabidopsis
reveal that PAD4 encodes a regulatory factor and that four PAD genes contribute to
downy mildew resistance. Genetics 146: 381-392
Göhre V, Robatzek S (2008) Breaking the barriers: Microbial effector molecules subvert
plant immunity. Annual Review of Phytopathology 46: 189-215
Gold J, Robb J (1995) The role of the coating response in craigella tomatoes infected with
Verticillium dahliae, races 1 and 2. Physiological and Molecular Plant Pathology 47:
141-157
Gómez-Gómez L, Boller T (2000) FLS2: An LRR receptor-like kinase involved in the
perception of the bacterial elicitor flagellin in Arabidopsis. Molecular Cell 5: 10031011
González-Lamothe R, Tsitsigiannis DI, Ludwig AA, Panicot M, Shirasu K, Jones
JDG (2006) The U-box protein CMPG1 is required for efficient activation of defense
mechanisms triggered by multiple resistance genes in tobacco and tomato. The Plant
Cell 18: 1067-1083
Goodin MM, Zaitlin D, Naidu RA, Lommel SA (2008) Nicotiana benthamiana: Its
history and future as a model for plant-pathogen interactions. Molecular Plant-Microbe
Interactions 21: 1015-1026
Griffiths DA (1971) The development of lignitubers in roots after infection by Verticillium
dahliae Kleb. Canadian Journal of Microbiology 17: 441-444
Grogan RG, Ioannou N, Schneider RW, Sall MA, Kimble KA (1979) Verticillium wilt on
resistant tomato cultivars in California - Virulence of isolates from plants and soil and

135

References
relationship of inoculum density to disease incidence. Phytopathology 69: 1176-1180
Gurr SJ, Rushton PJ (2005a) Engineering plants with increased disease resistance: How are
we going to express it? Trends in Biotechnology 23: 283-290
Gurr SJ, Rushton PJ (2005b) Engineering plants with increased disease resistance: What
are we going to express? Trends in Biotechnology 23: 275-282
Gust AA, Brunner F, Nürnberger T (2010) Biotechnological concepts for improving plant
innate immunity. Current Opinion in Biotechnology 21: 204-210
Hahlbrock K, Scheel D (1989) Physiology and molecular-biology of phenylpropanoid
metabolism. Annual Review of Plant Physiology and Plant Molecular Biology 40:
347-369
Ham JH, Kim MG, Lee SY, Mackey D (2007) Layered basal defenses underlie non-host
resistance of Arabidopsis to Pseudomonas syringae pv. phaseolicola. The Plant Journal
51: 604-616
Hammond-Kosack KE, Parker JE (2003) Deciphering plant-pathogen communication:
Fresh perspectives for molecular resistance breeding. Current Opinion in Biotechnology
14: 177-193
Hawke MA, Lazarovits G (1994) Production and manipulation of individual microsclerotia
of Verticillium dahliae for use in studies of survival. Phytopathology 84: 883-890
He K, Gou X, Yuan T, Lin H, Asami T, Yoshida S, Russell SD, Li J (2007) BAK1 and
BKK1 regulate brassinosteroid-dependent growth and brassinosteroid-independent
cell-death pathways. Current Biology 17: 1109-1115
Hecht V, Vielle-Calzada JP, Hartog MV, Schmidt EDL, Boutilier K, Grossniklaus U,
de Vries SC (2001) The arabidopsis SOMATIC EMBRYOGENESIS RECEPTOR
KINASE 1 gene is expressed in developing ovules and embryos and enhances
embryogenic competence in culture. Plant Physiology 127: 803-816
Heese A, Hann DR, Gimenez-Ibanez S, Jones AME, He K, Li J, Schroeder JI, Peck
SC, Rathjen JP (2007) The receptor-like kinase SERK3/BAK1 is a central regulator
of innate immunity in plants. Proceedings of the National Academy of Sciences of the
United States of America 104: 12217-12222
Heinz R, Lee SW, Saparno A, Nazar RN, Robb J (1998) Cyclical systemic colonization
in Verticillium-infected tomato. Physiological and Molecular Plant Pathology 52: 385396
Hellens RP, Anne Edwards E, Leyland NR, Bean S, Mullineaux PM (2000) pGreen: A
versatile and flexible binary Ti vector for Agrobacterium-mediated plant transformation.
Plant Molecular Biology 42: 819-832
Hennig J, Dewey RE, Cutt JR, Klessig DF (1993) Pathogen, salicylic acid and developmental
dependent expression of a β-1,3-glucanase/GUS gene fusion in transgenic tobacco
plants. The Plant Journal 4: 481-493
Hershko A, Ciechanover A (1998) The ubiquitin system. Annual Review of Biochemistry
67: 425-479
Honée G, Buitink J, Jabs T, de Kloe J, Sijbolts F, Apotheker M, Weide R, Sijen T, Stuiver

136

References
M, de Wit PJGM (1998) Induction of defense-related responses in Cf9 tomato cells by
the AVR9 elicitor peptide of Cladosporium fulvum is developmentally regulated. Plant
Physiology 117: 809-820
Horner CE (1954) Pathogenicity of Verticillium isolates to peppermint. Phytopathology 44:
239-242
Hu GS, deHart AKA, Li YS, Ustach C, Handley V, Navarre R, Hwang CF, Aegerter BJ,
Williamson VM, Baker B (2005) EDS1 in tomato is required for resistance mediated
by TIR-class R genes and the receptor-like R gene Ve. The Plant Journal 42: 376-391
Huang HC (2003) Verticillium wilt of alfalfa: Epidemiology and control strategies. Canadian
Journal of Plant Pathology 25: 328-338
Huffaker A, Pearce G, Ryan CA (2006) An endogenous peptide signal in Arabidopsis
activates components of the innate immune response. Proceedings of the National
Academy of Sciences of the United States of America 103: 10098-10103
Huisman OC (1982) Interrelations of root-growth dynamics to epidemiology of rootinvading fungi. Annual Review of Phytopathology 20: 303-327
Huisman OC (1988) Seasonal colonization of roots of field-grown cotton by Verticillium
dahliae and Verticillium tricorpus. Phytopathology 78: 708-716
Hulbert SH, Webb CA, Smith SM, Sun Q (2001) Resistance gene complexes: Evolution
and utilization. Annual Review of Phytopathology 39: 285-312
Hunter DE, Darling HM, Stevenson FJ, Cunningham CE (1968) Inheritance of resistance
to Verticillium wilt in Wisconsin. American Potato Journal 45: 72-78
Ingham DJ, Beer S, Money S, Hansen G (2001) Quantitative real-time PCR assay for
determining transgene copy number in transformed plants. Biotechniques 31: 132-140
Isaac I, Keyworth WG (1948) Verticillium wilt of the hop (Humulus lupulus). A study of
the pathogenicity of isolates from fluctuating and from progressive outbreaks. Annals
of Applied Biology 35: 243-249
Isaac I (1957) Verticillium wilt of brussels sprout. Annals of Applied Biology 45: 276-283
Itzhaki H, Woodson WR (1993) Characterization of an ethylene-responsive glutathione
S-transferase gene cluster in carnation. Plant Molecular Biology 22: 43-58
Jacobs JP, Yoder JI (1989) Ploidy levels in transgenic tomato plants determined by
chloroplast number. Plant Cell Reports 7: 662-664
Jansky S, Rouse DI, Kauth PJ (2004) Inheritance of resistance to Verticillium dahliae in
diploid interspecific potato hybrids. Plant Disease 88: 1075-1078
Jeong S, Trotochaud AE, Clark SE (1999) The Arabidopsis CLAVATA2 gene encodes a
receptor-like protein required for the stability of the CLAVATA1 Receptor-like Kinase.
The Plant Cell 11: 1925-1934
Jiang J, Fan LW, Wu WH (2005) Evidences for involvement of endogenous cAMP in
Arabidopsis defense responses to Verticillium toxins. Cell Research 15: 585-592
Jirage D, Tootle TL, Reuber TL, Frosts LN, Feys BJ, Parker JE, Ausubel FM,
Glazebrook J (1999) Arabidopsis thaliana PAD4 encodes a lipase-like gene that is
important for salicylic acid signaling. Proceedings of the National Academy of Sciences

137

References
of the United States of America 96: 13583-13588
Jones DA, Thomas CM, Hammond-Kosack KE, Balint-Kurti PJ, Jones JDG (1994)
Isolation of the tomato Cf-9 gene for resistance to Cladosporium fulvum by transposon
tagging. Science 266: 789-793
Jones DA, Jones JDG (1997) The role of leucine-rich repeat proteins in plant defences.
Advances in Botanical Research 24: 89-167
Jones JDG, Dangl JL (2006) The plant immune system. Nature 444: 323-329
Joosten MHAJ, Cozijnsen TJ, de Wit PJGM (1994) Host resistance to a fungal tomato
pathogen lost by a single base-pair change in an avirulence gene. Nature 367: 384-386
Kapila J, de Rycke R, van Montagu M, Angenon G (1997) An Agrobacterium-mediated
transient gene expression system for intact leaves. Plant Science 122: 101-108
Karapapa VK, Bainbridge BW, Heale JB (1997) Morphological and molecular
characterization of Verticillium longisporum comb. nov., pathogenic to oilseed rape.
Mycological Research 101: 1281-1294
Karimi M, Inzé D, Depicker A (2002) GATEWAY™ vectors for Agrobacterium-mediated
plant transformation. Trends in Plant Science 7: 193-195
Karlova R, Boeren S, Russinova E, Aker J, Vervoort J, de Vries S (2006) The Arabidopsis
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE1 protein complex
includes BRASSINOSTEROID-INSENSITIVE1. The Plant Cell 18: 626-638
Kaul S, Koo HL, Jenkins J, Rizzo M, Rooney T, Tallon LJ, Feldblyum T, Nierman
W, Benito MI, Lin X, Town CD, Venter JC, Fraser CM, Tabata S, Nakamura Y,
Kaneko T, Sato S, Asamizu E, Kato T, Kotani H, Sasamoto S, Ecker JR, Theologis A,
Federspiel NA, Palm CJ, Osborne BI, Shinn P, Conway AB, Vysotskaia VS, Dewar
K, Conn L, Lenz CA, Kim CJ, Hansen NF, Liu SX, Buehler E, Altafi H, Sakano H,
Dunn P, Lam B, Pham PK, Chao Q, Nguyen M, Yu G, Chen H, Southwick A, Jeong
Mi L, Miranda M, Toriumi MJ, Davis RW, Wambutt R, Murphy G, Stiekema
W, Pohl T, Entian KD, Terryn N, Volckaert G, Salanoubat M, Choisne N, Rieger
M, Ansorge W, Unseld M, Fartmann B, Valle G, Artiguenave F, Weissenbach J,
Quetier F, Wilson RK, De la Bastide M, Sekhon M, Huang E, Spiegel L, Gnoj L,
Pepin K, Murray J, Johnson D, Habermann K, Dedhia N, Parnell L, Preston R,
Hillier L, Chen E, Marra M, Martienssen R, McCombie WR, Mayer K, White O,
Bevan M, Lemcke K, Creasy TH, Bielke C, Haas B, Haase D, Maiti R, Rudd S,
Peterson J, Schoof H, Frishman D (2000) Analysis of the genome sequence of the
flowering plant Arabidopsis thaliana. Nature 408: 796-815
Kawchuk LM, Hachey J, Lynch DR, Kulcsar F, van Rooijen G, Waterer DR, Robertson
A, Kokko E, Byers R, Howard RJ, Fischer R, Prüfer D (2001) Tomato Ve disease
resistance genes encode cell surface-like receptors. Proceedings of the National
Academy of Sciences of the United States of America 98: 6511-6515
Kayes JM, Clark SE (1998) CLAVATA2, a regulator of meristem and organ development in
Arabidopsis. Development 125: 3843-3851
Keddie JS, Hübner G, Slocombe SP, Jarvis RP, Cummins I, Edwards Ew, Shaw CH,

138

References
Murphy DJ (1992) Cloning and characterisation of an oleosin gene from Brassica
napus. Plant Molecular Biology 19: 443-453
Kemmerling B, Schwedt A, Rodriguez P, Mazzotta S, Frank M, Qamar SA, Mengiste T,
Betsuyaku S, Parker JE, Müssig C, Thomma BPHJ, Albrecht C, de Vries SC, Hirt
H, Nürnberger T (2007) The BRI1-associated kinase 1, BAK1, has a brassinolideindependent role in plant cell-death Control. Current Biology 17: 1116-1122
Kieber JJ, Ecker JR (1993) Ethylene gas: It’s not just for ripening any more! Trends in
Genetics 9: 356-362
Kinoshita T, Caño-Delgado A, Seto H, Hiranuma S, Fujioka S, Yoshida S, Chory J
(2005) Binding of brassinosteroids to the extracellular domain of plant receptor kinase
BRI1. Nature 433: 167-171
Klosterman SJ, Anchieta A, Maruthachalam K, Hayes RJ, Subbarao KV (2009a)
Identification of lettuce genes differentially expressed in a Verticillium dahliae-lettuce
interaction by suppression subtractive hybridization. Phytopathology 99: S65-S65
Klosterman SJ, Atallah ZK, Vallad GE, Subbarao KV (2009b) Diversity, pathogenicity,
and management of Verticillium species. Annual Review of Phytopathology 47: 39-62
Kobe B, Kajava AV (2001) The leucine-rich repeat as a protein recognition motif. Current
Opinion in Structural Biology 11: 725-732
Koike ST, Subbarao KV, Davis RM, Gordon TR, Hubbard JC (1994) Verticillium wilt of
cauliflower in California. Plant Disease 78: 1116-1121
Koornneef M, Meinke D (2010) The development of Arabidopsis as a model plant. The
Plant Journal 61: 909-921
Kruijt M, Brandwagt BF, de Wit PJGM (2004) Rearrangements in the Cf-9 disease
resistance gene cluster of wild tomato have resulted in three genes that mediate Avr9
responsiveness. Genetics 168: 1655-1663
Kruijt M, de Kock MJD, de Wit PJGM (2005) Receptor-like proteins involved in plant
disease resistance. Molecular Plant Pathology 6: 85-97
Kunze G, Zipfel C, Robatzek S, Niehaus K, Boller T, Felix G (2004) The N terminus of
bacterial elongation factor Tu elicits innate immunity in Arabidopsis plants. The Plant
Cell 16: 3496-3507
Lacombe S, Rougon-Cardoso A, Sherwood E, Peeters N, Dahlbeck D, van Esse HP,
Smoker M, Rallapalli G, Thomma BPHJ, Staskawicz B, Jones JDG, Zipfel C
(2010) Interfamily transfer of a plant pattern-recognition receptor confers broadspectrum bacterial resistance. Nature Biotechnology 28: 365-369
Larkin PJ, Scowcroft WR (1981) Somaclonal variation - a novel source of variability from
cell cultures for plant improvement. Theoretical and Applied Genetics 60: 197-214
Laugé R, Dmitriev AP, Joosten MHAJ, de Wit PJGM (1998) Additional resistance
gene(s) against Cladosporium fulvum present on the Cf-9 introgression segment are
associated with strong PR protein accumulation. Molecular Plant-Microbe Interactions
11: 301-308
Lee SW, Nazar RN, Powell DA, Robb J (1992) Reduced PAL gene suppression in

139

References
Verticillium-infected resistant tomatoes. Plant Molecular Biology 18: 345-352
Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, van de Peer Y, Rouzé P, Rombauts
S (2002) PlantCARE, a database of plant cis-acting regulatory elements and a portal to
tools for in silico analysis of promoter sequences. Nucleic Acids Research 30: 325-327
Li J, Chory J (1997) A putative leucine-rich repeat receptor kinase involved in brassinosteroid
signal transduction. Cell 90: 929-936
Li J, Wen J, Lease KA, Doke JT, Tax FE, Walker JC (2002) BAK1, an Arabidopsis
LRR receptor-like protein kinase, interacts with BRI1 and modulates brassinosteroid
signaling. Cell 110: 213-222
Li J (2010) Multi-tasking of somatic embryogenesis receptor-like protein kinases. Current
Opinion in Plant Biology 13: 509-514
Lievens B, Brouwer M, Vanachter ACRC, Cammue BPA, Thomma BPHJ (2006) Realtime PCR for detection and quantification of fungal and oomycete tomato pathogens in
plant and soil samples. Plant Science 171: 155-165
Ligoxigakis EK, Vakalounakis DJ, Thanassoulopoulos CC (2002) Weed hosts of
Verticillium dahliae in Crete: Susceptibility, symptomatology and significance.
Phytoparasitica 30: 511-518
Lipka U, Fuchs R, Lipka V (2008) Arabidopsis non-host resistance to powdery mildews.
Current Opinion in Plant Biology 11: 404-411
Liu Y, Schiff M, Dinesh-Kumar SP (2002a) Virus-induced gene silencing in tomato. The
Plant Journal 31: 777-786
Liu Y, Schiff M, Marathe R, Dinesh-Kumar SP (2002b) Tobacco Rar1, EDS1 and NPR1/
NIM1 like genes are required for N-mediated resistance to tobacco mosaic virus. The
Plant Journal 30: 415-429
Lorang JM, Tuori RP, Martinez JP, Sawyer TL, Redman RS, Rollins JA, Wolpert TJ,
Johnson KB, Rodriguez RJ, Dickman MB, Ciuffetti LM (2001) Green fluorescent
protein is lighting up fungal biology. Applied and Environmental Microbiology 67:
1987-1994
Lynch DR, Kawchuk LM, Hachey J, Bains PS, Howard RJ (1997) Identification of a gene
conferring high levels of resistance to Verticillium wilt in Solanum chacoense. Plant
Disease 81: 1011-1014
Mace ME, Bell AA, Beckman CH (1976) Histochemistry and identification of
disease-induced terpenoid aldehydes in Verticillium-wilt-resistant and Verticilliumwilt-susceptible cottons. Canadian Journal of Botany 54: 2095-2099
Malnoy M, Xu M, Borejsza-Wysocka E, Korban SS, Aldwinckle HS (2008) Two receptorlike genes, Vfa1 and Vfa2, confer resistance to the fungal pathogen Venturia inaequalis
inciting apple scab disease. Molecular Plant-Microbe Interactions 21: 448-458
Mantelin S, Peng H-C, Li B, Atamian HS, Takken FLW, Kaloshian I (2011) The receptorlike kinase SlSERK1 is required for Mi-1-mediated resistance to potato aphids in tomato.
The Plant Journal doi: 10.1111/j.1365-313X.2011.04609.x
Marshall R, Kombrink A, Motteram J, Loza-Reyes E, Lucas J, Hammond-Kosack KE,

140

References
Thomma BPHJ, Rudd JJ (2011) Analysis of two in planta expressed LysM effector
homologues from the fungus Mycosphaerella graminicola reveals novel functional
properties and varying contribustions to virulence on wheat. Plant Physiology 156:
756-769
Matsubayashi Y, Ogawa M, Morita A, Sakagami Y (2002) An LRR receptor kinase
involved in perception of a peptide plant hormone, phytosulfokine. Science 296: 14701472
Matsushima N, Mikami T, Tanaka T, Miyashita H, Yamada K, Kuroki Y (2009) Analyses
of non-leucine-rich repeat (non-LRR) regions intervening between LRRs in proteins.
Biochimica et Biophysica Acta 1790: 1217-1237
Mes JJ, van Doorn AA, Wijbrandi J, Simons G, Cornelissen BJC, Haring MA (2000)
Expression of the Fusarium resistance gene I-2 colocalizes with the site of fungal
containment. The Plant Journal 23: 183-193
Meyers BC, Kaushik S, Nandety RS (2005) Evolving disease resistance genes. Current
Opinion in Plant Biology 8: 129-134
Michelmore RW, Meyers BC (1998) Clusters of resistance genes in plants evolve by
divergent selection and a birth-and-death process. Genome Research 8: 1113-1130
Miya A, Albert P, Shinya T, Desaki Y, Ichimura K, Shirasu K, Narusaka Y, Kawakami
N, Kaku H, Shibuya N (2007) CERK1, a LysM receptor kinase, is essential for chitin
elicitor signaling in Arabidopsis. Proceedings of the National Academy of Sciences of
the United States of America 104: 19613-19618
Mol L, Scholte K, Vos J (1995) Effects of crop rotation and removal of crop debris on the
soil population of two isolates of Verticillium dahliae. Plant Pathology 44: 1070-1074
Mourrain P, Béclin C, Elmayan T, Feuerbach F, Godon C, Morel JB, Jouette D,
Lacombe AM, Nikic S, Picault N, Rémoué K, Sanial M, Vo TA, Vaucheret H (2000)
Arabidopsis SGS2 and SGS3 genes are required for posttranscriptional gene silencing
and natural virus resistance. Cell 101: 533-542
Müller R, Bleckmann A, Simon R (2008) The receptor kinase CORYNE of Arabidopsis
transmits the stem cell-limiting signal CLAVATA3 independently of CLAVATA1. The
Plant Cell 20: 934-946
Mullins ED, Chen X, Romaine P, Raina R, Geiser DM, Kang S (2001) Agrobacteriummediated transformation of Fusarium oxysporum: An efficient tool for insertional
mutagenesis and gene transfer. Phytopathology 91: 173-180
Mysore KS, Ryu CM (2004) Nonhost resistance: How much do we know? Trends in Plant
Science 9: 97-104
Nam KH, Li J (2002) BRI1/BAK1, a receptor kinase pair mediating brassinosteroid
signaling. Cell 110: 203-212
Nikova V, Palakarcheva M, Pundeva R, Krusteva D (1998) Somaclonal variation in
cultured in vitro tobacco plants from the hybrid Nicotiana gossey Domin. x N. tabacum
L. Israel Journal of Plant Sciences 46: 35-40
Nishimura MT, Dangl JL (2010) Arabidopsis and the plant immune system. The Plant

141

References
Journal 61: 1053-1066
Nürnberger T, Brunner F (2002) Innate immunity in plants and animals: emerging parallels
between the recognition of general elicitors and pathogen-associated molecular patterns.
Current Opinion in Plant Biology 5: 318-324
O’Malley RC, Ecker JR (2010) Linking genotype to phenotype using the Arabidopsis
unimutant collection. The Plant Journal 61: 928-940
Olsson S, Nordbring-Hertz B (1985) Microsclerotial germination of Verticillium dahliae as
affected by rape rhizosphere. FEMS Microbiology Letters 31: 293-299
Panter SN, Hammond-Kosack KE, Harrison K, Jones JDG, Jones DA (2002)
Developmental control of promoter activity is not responsible for mature onset of Cf9B-mediated resistance to leaf mold in tomato. Molecular Plant-Microbe Interactions
15: 1099-1107
Parker JE, Holub EB, Frost LN, Falk A, Gunn ND, Daniels MJ (1996) Characterization
of eds1, a mutation in Arabidopsis suppressing resistance to Peronospora parasitica
specified by several different RPP genes. The Plant Cell 8: 2033-2046
Parniske M, Hammond-Kosack KE, Golstein C, Thomas CM, Jones DA, Harrison
K, Wulff BBH, Jones JDG (1997) Novel disease resistance specificities result from
sequence exchange between tandemly repeated genes at the Cf-4/9 locus of tomato.
Cell 91: 821-832
Parniske M, Jones JDG (1999) Recombination between diverged clusters of the tomato
Cf-9 plant disease resistance gene family. Proceedings of the National Academy of
Sciences of the United States of America 96: 5850-5855
Pastuglia M, Roby D, Dumas C, Cock JM (1997) Rapid induction by wounding and
bacterial infection of an S gene family receptor-like kinase gene in Brassica oleracea.
The Plant Cell 9: 49-60
Peart JR, Lu R, Sadanandom A, Malcuit I, Moffett P, Brice DC, Schauser L, Jaggard
DAW, Xiao S, Coleman MJ, Dow M, Jones JDG, Shirasu K, Baulcombe DC (2002)
Ubiquitin ligase-associated protein SGT1 is required for host and nonhost disease
resistance in plants. Proceedings of the National Academy of Sciences of the United
States of America 99: 10865-10869
Pegg GF, Vessey JC (1973) Chitinase activity in Lycopersicon esculentum and its relationship
to the in vivo lysis of Verticillium albo-atrum mycelium. Physiological Plant Pathology
3: 207-222
Pegg GF (1974) Verticillium diseases. Review of Plant Pathology 53: 157-182
Pegg GF, Brady BL (2002) Verticillium wilts CABY publishing, Wallingford, UK
Postel S, Küfner I, Beuter C, Mazzotta S, Schwedt A, Borlotti A, Halter T, Kemmerling
B, Nürnberger T (2010) The multifunctional leucine-rich repeat receptor kinase
BAK1 is implicated in Arabidopsis development and immunity. European Journal of
Cell Biology 89: 169-174
Putt ED (1964) Breeding behavior of resistance to leaf mottle or Verticillium in sunflower.
Crop Science 4: 177-179

142

References
Ramonell K, Berrocal-Lobo M, Koh S, Wan J, Edwards H, Stacey G, Somerville S (2005)
Loss-of-function mutations in chitin responsive genes show increased susceptibility to
the powdery mildew pathogen Erysiphe cichoracearum. Plant Physiology 138: 10271036
Rauyaree P, Ospina-Giraldo MD, Kang S, Bhat RG, Subbarao KV, Grant SJ, Dobinson
KF (2005) Mutations in VMK1, a mitogen-activated protein kinase gene, affect
microsclerotia formation and pathogenicity in Verticillium dahliae. Current Genetics
48: 109-116
Ravensdale M, Nemri A, Thrall PH, Ellis JG, Dodds PN (2011) Co-evolutionary
interactions between host resistance and pathogen effector genes in flax rust disease.
Molecular Plant Pathology 12: 93-102
Rensink WA, Lee Y, Liu J, Iobst S, Ouyang S, Buell CR (2005) Comparative analyses
of six solanaceous transcriptomes reveal a high degree of sequence conservation and
species-specific transcripts. BMC Genomics 6: 124
Resende MLV, Flood J, Cooper RM (1994) Host specialization of Verticillium dahliae with
emphasis on isolates from cocoa (Theobroma cacao). Plant Pathology 43: 104-111
Resende MLV, Flood J, Ramsden JD, Rowan MG, Beale MH, Cooper RM (1996) Novel
phytoalexins including elemental sulphur in the resistance of cocoa (Theobroma cacao
L) to Verticillium wilt (Verticillium dahliae Kleb). Physiological and Molecular Plant
Pathology 48: 347-359
Rivas S, Rougon-Cardoso A, Smoker M, Schauser L, Yoshioka H, Jones JDG (2004)
CITRX thioredoxin interacts with the tomato Cf-9 resistance protein and negatively
regulates defence. Embo Journal 23: 2156-2165
Robb J, Smith A, Brisson JD, Busch L (1979) Ultrastructure of wilt syndrome caused
by Verticillium dahliae .6. Interpretive problems in the study of vessel coatings and
tyloses. Canadian Journal of Botany 57: 795-821
Robb J, Powell DA, Street PFS (1989) Vascular coating - a barrier to colonization by the
pathogen in Verticillium wilt of tomato. Canadian Journal of Botany-Revue Canadienne
De Botanique 67: 600-607
Robb J (2007) Verticillium tolerance: Resistance, susceptibility, or mutualism? Canadian
Journal of Botany 85: 903-910
Rogers EE, Ausubel FM (1997) Arabidopsis enhanced disease susceptibility mutants
exhibit enhanced susceptibility to several bacterial pathogens and alterations in PR-1
gene expression. The Plant Cell 9: 305-316
Ron M, Kantety R, Martin GB, Avidan N, Eshed Y, Zamir D, Avni A (2000) Highresolution linkage analysis and physical characterization of the EIX-responding locus
in tomato. Theoretical and Applied Genetics 100: 184-189
Ron M, Avni A (2004) The receptor for the fungal elicitor ethylene-inducing xylanase is a
member of a resistance-like gene family in tomato. The Plant Cell 16: 1604-1615
Rossi L, Escudero J, Hohn B, Tinland B (1993) Efficient and sensitive assay for T-DNAdependent transient gene expression. Plant Molecular Biology Reporter 11: 220-229

143

References
Rouster J, Leah R, Mundy J, Cameron-Mills V (1997) Identification of a methyl
jasmonate-responsive region in the promoter of a lipoxygenase 1 gene expressed in
barley grain. The Plant Journal 11: 513-523
Rowe RC, Davis JR, Powelson ML, Rouse DI (1987) Potato early dying causal agents and
management strategies. Plant Disease 71: 482-489
Rowland O, Ludwig AA, Merrick CJ, Baillieul F, Tracy FE, Durrant WE, Fritz-Laylin
L, Nekrasov V, Sjölander K, Yoshioka H, Jones JDG (2005) Functional analysis of
Avr9/Cf-9 rapidly elicited genes identifies a protein kinase, ACIK1, that is essential for
full Cf-9-dependent disease resistance in tomato. The Plant Cell 17: 295-310
Rushton PJ, Torres JT, Parniske M, Wernert P, Hahlbrock K, Somssich IE (1996)
Interaction of elicitor-induced DNA-binding proteins with elicitor response elements
in the promoters of parsley PR1 genes. EMBO Journal 15: 5690-5700
Saitou N, Nei M (1987) The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Molecular Biology and Evolution 4: 406-425
Schaible L, Cannon OS, Waddoups V (1951) Inheritance of resistance to Verticillium wilt
in a tomato cross. Phytopathology 41: 986-990
Schnathorst WC (1981) Life cycle and epidemiology of Verticillium. In ME Mace, AA Bell,
CH Beckman, eds, In: Fungal Wilt Diseases of Plants. Accademic Press, New York, pp
81-111
Schreiber LR, Green RJ (1963) Effect of root exudates on germination of conidia and
microsclerotia of Verticillum albo-atrum inhibited by soil fungistatic principle.
Phytopathology 53: 260-264
Schulze B, Mentzel T, Jehle AK, Mueller K, Beeler S, Boller T, Felix G, Chinchilla
D (2010) Rapid heteromerization and phosphorylation of ligand-activated plant
transmembrane receptors and their associated kinase BAK1. Journal of Biological
Chemistry 285: 9444-9451
Seear PJ, Dixon MS (2003) Variable leucine-rich repeats of tomato disease resistance genes
Cf-2 and Cf-5 determine specificity. Molecular Plant Pathology 4: 199-202
Senthil-Kumar M, Hema R, Anand A, Kang L, Udayakumar M, Mysore KS (2007) A
systematic study to determine the extent of gene silencing in Nicotiana benthamiana
and other Solanaceae species when heterologous gene sequences are used for virusinduced gene silencing. New Phytologist 176: 782-791
Shinohara H, Ogawa M, Sakagami Y, Matsubayashi Y (2007) Identification of ligand
binding site of phytosulfokine receptor by on-column photoaffinity labeling. Journal of
Biological Chemistry 282: 124-131
Shiu SH, Bleecker AB (2003) Expansion of the receptor-like kinase/Pelle gene family and
receptor-like proteins in Arabidopsis. Plant Physiology 132: 530-543
Simko I, Costanzo S, Haynes KG, Christ BJ, Jones RW (2004a) Linkage disequilibrium
mapping of a Verticillium dahliae resistance quantitative trait locus in tetraploid potato
(Solanum tuberosum) through a candidate gene approach. Theoretical and Applied
Genetics 108: 217-224

144

References
Simko I, Haynes KG, Ewing EE, Costanzo S, Christ BJ, Jones RW (2004b) Mapping
genes for resistance to Verticillium albo-atrum in tetraploid and diploid potato
populations using haplotype association tests and genetic linkage analysis. Molecular
Genetics and Genomics 271: 522-531
Sinha AK, Wood RKS (1967) An analysis of responses of resistant and of susceptible tomato
plants to Verticillium infection. Annals of Applied Biology 59: 143-154
Song WY, Pi LY, Wang GL, Gardner J, Holsten T, Ronald PC (1997) Evolution of the
rice Xa21 disease resistance gene family. The Plant Cell 9: 1279-1287
Staswick PE, Su W, Howell SH (1992) Methyl jasmonate inhibition of root growth and
induction of a leaf protein are decreased in an Arabidopsis thaliana mutant. Proceedings
of the National Academy of Sciences of the United States of America 89: 6837-6840
Stergiopoulos I, van den Burg HA, Ökmen B, Beenen HG, van Liere S, Kema GHJ,
de Wit PJGM (2010) Tomato Cf resistance proteins mediate recognition of cognate
homologous effectors from fungi pathogenic on dicots and monocots. Proceedings of
the National Academy of Sciences of the United States of America 107: 7610-7615
Steventon LA, Fahleson J, Hu Q, Dixelius C (2002) Identification of the causal agent
of Verticillium wilt of winter oilseed rape in Sweden, V. longisporum. Mycological
Research 106: 570-578
Stratmann JW, Ryan CA (1997) Myelin basic protein kinase activity in tomato leaves
is induced systemically by wounding and increases in response to systemin and
oligosaccharide elicitors. Proceedings of the National Academy of Sciences of the
United States of America 94: 11085-11089
Stuiver MH, Custers JHHV (2001) Engineering disease resistance in plants. Nature 411:
865-868
Stulemeijer IJE, Stratmann JW, Joosten MHAJ (2007) Tomato mitogen-activated
protein kinases LeMPK1, LeMPK2, and LeMPK3 are activated during the Cf-4/Avr4induced hypersensitive response and have distinct phosphorylation specificities. Plant
Physiology 144: 1481-1494
Subbarao KV, Chassot A, Gordon TR, Hubbard JC, Bonello P, Mullin R, Okamoto
D, Davis RM, Koike ST (1995) Genetic relationships and cross pathogenicities of
Verticillium dahliae isolates from cauliflower and other crops. Phytopathology 85:
1105-1112
Sun SW, Chung MC, Lin TY (1996) The structure and expression of an hsc70 gene from
Lycopersicon esculentum. Gene 170: 237-241
Sun X, Cao Y, Wang S (2006) Point mutations with positive selection were a major
force during the evolution of a receptor-kinase resistance gene family of rice. Plant
Physiology 140: 998-1008
Taguchi-Shiobara F, Yuan Z, Hake S, Jackson D (2001) The fasciated ear2 gene encodes
a leucine-rich repeat receptor-like protein that regulates shoot meristem proliferation in
maize. Genes and Development 15: 2755-2766
Takken FLW, Thomas CM, Joosten MHAJ, Golstein C, Westerink N, Hille J, Nijkamp

145

References
HJJ, de Wit PJGM, Jones JDG (1999) A second gene at the tomato Cf-4 locus
confers resistance to Cladosporium fulvum through recognition of a novel avirulence
determinant. The Plant Journal 20: 279-288
Takken F, Rep M (2010) The arms race between tomato and Fusarium oxysporum. Molecular
Plant Pathology 11: 309-314
Talboys PW (1958) Some mechanisms contributing to Verticillium-resistance in the hop
root. Transactions of the British Mycological Society 41: 227-241
Talboys PW (1964) A concept of the host-parasite relationship in Verticillium wilt diseases.
Nature 202: 361-364
Talboys PW (1972) A discussion on disease resistance in plants Proceedings of the Royal
Society of London B 181: 319-332
Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular Evolutionary Genetics
Analysis (MEGA) Software Version 4.0. Molecular Biology and Evolution 24: 15961599
Thomas CM (1997) Characterization of the tomato Cf-4 gene for resistance to Cladosporium
fulvum identifies sequences that determine recognitional specificity in Cf-4 and Cf-9.
The Plant Cell 9: 2209-2224
Thomma BPHJ, Penninckx IAMA, Broekaert WF, Cammue BPA (2001) The complexity
of disease signaling in Arabidopsis. Current Opinion in Immunology 13: 63-68
Thomma BPHJ, van Esse HP, Crous PW, de Wit PJGM (2005) Cladosporium fulvum
(syn. Passalora fulva), a highly specialized plant pathogen as a model for functional
studies on plant pathogenic Mycosphaerellaceae. Molecular Plant Pathology 6: 379393
Thomma BPHJ, Nürnberger T, Joosten MHAJ (2011) Of PAMPs and effectors: The
blurred PTI-ETI dichotomy. The Plant Cell 23: 4-15
Tjamos EC, Beckam CH (1989) Vascular wilt diseases of plants: Basic studies and control.
NATO ASI series H: Cell Biology 28. Springer-Verlag, Berlin
Tjamos SE, Flemetakis E, Paplomatas EJ, Katinakis P (2005) Induction of resistance
to Verticillium dahliae in Arabidopsis thaliana by the biocontrol agent K-165 and
pathogenesis-related proteins gene expression. Molecular Plant-Microbe Interactions
18: 555-561
Tocquin P, Corbesier L, Havelange A, Pieltain A, Kurtem E, Bernier G, Périlleux C
(2003) A novel high efficiency, low maintenance, hydroponic system for synchronous
growth and flowering of Arabidopsis thaliana. BMC Plant Biology 3
Tsuda K, Katagiri F (2010) Comparing signaling mechanisms engaged in pattern-triggered
and effector-triggered immunity. Current Opinion in Plant Biology 13: 459-465
Vallad GE, Bhat RG, Koike ST, Ryder EJ, Subbarao KV (2005) Weedborne reservoirs
and seed transmission of Verticillium dahliae in lettuce. Plant Disease 89: 317-324
van den Burg HA, Spronk CAEM, Boeren S, Kennedy MA, Vissers JPC, Vuister GW, de
Wit PJGM, Vervoort J (2004) Binding of the AVR4 elicitor of Cladosporium fulvum
to chitotriose units is facilitated by positive allosteric protein-protein interactions: The

146

References
chitin-binding site of AVR4 represents a novel binding site on the folding scaffold
shared between the invertebrate and the plant chitin-binding domain. Journal of
Biological Chemistry 279: 16786-16796
van den Burg HA, Tsitsigiannis DI, Rowland O, Lo J, Rallapalli G, MacLean D, Takken
FLW, Jones JDG (2008) The F-box protein ACRE189/ACIF1 regulates cell death and
defense responses activated during pathogen recognition in tobacco and tomato. The
Plant Cell 20: 697-719
van der Hoorn RAL, Laurent F, Roth R, de Wit PJGM (2000) Agroinfiltration is a
versatile tool that facilitates comparative analyses of Avr9/Cf-9-induced and Avr4/Cf-4induced necrosis. Molecular Plant-Microbe Interactions 13: 439-446
van der Hoorn RAL, Kruijt M, Roth R, Brandwagt BF, Joosten MHAJ, de Wit PJGM
(2001a) Intragenic recombination generated two distinct Cf genes that mediate AVR9
recognition in the natural population of Lycopersicon pimpinellifolium. Proceedings of
the National Academy of Sciences of the United States of America 98: 10493-10498
van der Hoorn RAL, Roth R, de Wit PJGM (2001b) Identification of distinct specificity
determinants in resistance protein Cf-4 allows construction of a Cf-9 mutant that
confers recognition of avirulence protein AVR4. The Plant Cell 13: 273-285
van der Hoorn RAL, Wulff BBH, Rivas S, Durrant MC, van der Ploeg A, de Wit PJGM,
Jones JDG (2005) Structure-function analysis of Cf-9, a receptor-like protein with
extracytoplasmic leucine-rich repeats. The Plant Cell 17: 1000-1015
van Esse HP, Bolton MD, Stergiopoulos I, de Wit PJGM, Thomma BPHJ (2007)
The chitin-binding Cladosporium fulvum effector protein Avr4 is a virulence factor.
Molecular Plant-Microbe Interactions 20: 1092-1101
van Esse HP, van’t Klooster JW, Bolton MD, Yadeta KA, van Baarlen P, Boeren S,
Vervoort J, de Wit PJGM, Thomma BPHJ (2008) The Cladosporium fulvum
virulence protein Avr2 inhibits host proteases required for basal defense. The Plant Cell
20: 1948-1963
van Esse HP, Fradin EF, de Groot PJ, de Wit PJGM, Thomma BPHJ (2009) Tomato
transcriptional responses to a foliar and a vascular fungal pathogen are distinct.
Molecular Plant-Microbe Interactions 22: 245-258
Velasquez AC, Chakravarthy S, Martin GB (2009) Virus-induced gene silencing (VIGS)
in Nicotiana benthamiana and tomato. Journal of Visualized Experiments
Veronese P, Narasimhan ML, Stevenson RA, Zhu JK, Weller SC, Subbarao KV, Bressan
RA (2003) Identification of a locus controlling Verticillium disease symptom response
in Arabidopsis thaliana. The Plant Journal 35: 574-587
Vinatzer BA, Patocchi A, Gianfranceschi L, Tartarini S, Zhang HB, Gessler C, Sansavini
S (2001) Apple contains receptor-like genes homologous to the Cladosporium fulvum
resistance gene family of tomato with a cluster of genes cosegregating with Vf apple
scab resistance. Molecular Plant-Microbe Interactions 14: 508-515
Vining KJ, Zhang Q, Smith CA, Davis TM (2007) Identification of resistance gene analogs
and Verticillium wilt resistance-like sequences in Mentha longifolia. Journal of the

147

References
American Society for Horticultural Science 132: 541-550
Vining K, Davis T (2009) Isolation of a Ve homolog, mVe1, and its relationship to Verticillium
wilt resistance in Mentha longifolia (L.) Huds. Molecular Genetics and Genomics 282:
173-184
Vossen JH, Abd-El-Haliem A, Fradin EF, van den Berg GCM, Ekengren SK, Meijer
HJG, Seifi A, Bai Y, ten Have A, Munnik T, Thomma BPHJ, Joosten MHAJ (2010)
Identification of tomato phosphatidylinositol-specific phospholipase-C (PI-PLC)
family members and the role of PLC4 and PLC6 in HR and disease resistance. The
Plant Journal 62: 224-239
Wang G, Ellendorff U, Kemp B, Mansfield JW, Forsyth A, Mitchell K, Bastas K, Liu
CM, Woods-Tör A, Zipfel C, de Wit PJGM, Jones JDG, Tör M, Thomma BPHJ
(2008) A genome-wide functional investigation into the roles of receptor-like proteins
in arabidopsis. Plant Physiology 147: 503-517
Wang G, Fiers M, Ellendorff U, Wang Z, de Wit PJGM, Angenent GC, Thomma BPHJ
(2010a) The diverse roles of extracellular leucine-rich repeat-containing receptor-like
proteins in plants. Critical Reviews in Plant Sciences 29: 285-299
Wang G, Long Y, Thomma BPHJ, de Wit PJGM, Angenent GC, Fiers M (2010b)
Functional analyses of the CLAVATA2-like proteins and their domains that contribute
to CLAVATA2 specificity. Plant Physiology 152: 320-331
Wang X, Goshe MB, Soderblom EJ, Phinney BS, Kuchar JA, Li J, Asami T, Yoshida
S, Huber SC, Clouse SD (2005a) Identification and functional analysis of in vivo
phosphorylation sites of the Arabidopsis BRASSINOSTEROID-INSENSITIVE1
receptor kinase. The Plant Cell 17: 1685-1703
Wang X, Li X, Meisenhelder J, Hunter T, Yoshida S, Asami T, Chory J (2005b)
Autoregulation and homodimerization are involved in the activation of the plant steroid
receptor BRI1. Developmental Cell 8: 855-865
Wang X, Chory J (2006) Brassinoteroids regulate dissociation of BKI1, a negative regulator
of BRI1 signaling, from the plasma membrane. Science 313: 1118-1122
Wang X, Kota U, He K, Blackburn K, Li J, Goshe MB, Huber SC, Clouse SD (2008)
Sequential transphosphorylation of the BRI1/BAK1 receptor kinase complex impacts
early events in brassinosteroid signaling. Developmental Cell 15: 220-235
Wilhelm S (1955) Longevity of the Verticillium wilt fungus in the laboratory and field.
Phytopathology 45: 180-181
Williams JS, Hall SA, Hawkesford MJ, Beale MH, Cooper RM (2002) Elemental sulfur
and thiol accumulation in tomato and defense against a fungal vascular pathogen. Plant
Physiology 128: 150-159
Wingender R, Röhrig H, Höricke C, Wing D, Schell J (1989) Differential regulation of
soybean chalcone synthase genes in plant defence, symbiosis and upon environmental
stimuli. MGG Molecular and General Genetics 218: 315-322
Wroblewski T, Tomczak A, Michelmore R (2005) Optimization of Agrobacteriummediated transient assays of gene expression in lettuce, tomato and Arabidopsis. Plant

148

References
Biotechnology Journal 3: 259-273
Wulff BBH, Thomas CM, Smoker M, Grant M, Jones JDJ (2001) Domain swapping
and gene shuffling identify sequences required for induction of an Avr-dependent
hypersensitive response by the tomato Cf-4 and Cf-9 proteins. The Plant Cell 13: 255272
Wulff BBH, Chakrabarti A, Jones DA (2009a) Recognitional specificity and evolution in
the tomato-Cladosporium fulvum pathosystem. Molecular Plant-Microbe Interactions
22: 1191-1202
Wulff BBH, Hesse A, Tomlinson-Buhot L, Jones DA, de la Peña M, Jones JDG (2009b)
The major specificity-determining amino acids of the tomato Cf-9 disease resistance
protein are at hypervariable solvent-exposed positions in the central leucine-rich
repeats. Molecular Plant-Microbe Interactions 22: 1203-1213
Wulff BBH, Horvath DM, Ward ER (2011) Improving immunity in crops: new tactics
in an old game. Current Opinion in Plant Biology doi:10.1016/j.pbi.2011.04.002
Xu M, Korban SS (2002) A cluster of four receptor-like genes resides in the Vf locus that
confers resistance to apple scab disease. Genetics 162: 1995-2006
Yamaguchi-Shinozaki K, Shinozaki K (1993) Arabidopsis DNA encoding two desiccationresponsive rd29 genes. Plant Physiology 101: 1119-1120
Yang H, Gou X, He K, Xi D, Du J, Lin H, Li J (2010) BAK1 and BKK1 in Arabidopsis
thaliana confer reduced susceptibility to turnip crinkle virus. European Journal of Plant
Pathology 127: 149-156
Yun BW, Atkinson HA, Gaborit C, Greenland A, Read ND, Pallas JA, Loake GJ
(2003) Loss of actin cytoskeletal function and EDS1 activity, in combination, severely
compromises non-host resistance in Arabidopsis against wheat powdery mildew. The
Plant Journal 34: 768-777
Yun HS, Bae YH, Lee YJ, Chang SC, Kim SK, Li J, Nam KH (2009) Analysis of
phosphorylation of the BRI1/BAK1 complex in arabidopsis reveals amino acid residues
critical for receptor formation and activation of BR signaling. Molecules and Cells 27:
183-190
Zebrowska J, Hortyński J, Cholewa T, Honcz K (2006) Resistance to Verticillium dahliae
(Kleb.) in the strawberry breeding lines. Communications in agricultural and applied
biological sciences 71: 1031-1036
Zhang Y, Yang Y, Fang B, Gannon P, Ding P, Li X, Zhang Y (2010) Arabidopsis snc2-1D
activates receptor-like protein-mediated immunity transduced through WRK70. The
Plant Cell 22: 3153-3163
Zhao J, Fu J, Li X, Xu C, Wang S (2009) Dissection of the factors affecting developmentcontrolled and race-specific disease resistance conferred by leucine-rich repeat receptor
kinase-type R genes in rice. Theoretical and Applied Genetics 119: 231-239
Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JDG, Boller T, Felix G (2006)
Perception of the Bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacteriummediated transformation. Cell 125: 749-760

149

Summaries

Summary

Summary
Verticillium dahliae, V. albo-atrum and V. longisporum are soil-borne plant pathogens
that are responsible for Verticillium wilt diseases in temperate and subtropical regions.
Collectively they can infect over 200 hosts, including many economically important
crops. Chapter 1 is a “pathogen profile” which describes the most important aspects
of the biology of the Verticillium wilt pathogens. They colonize the xylem vessels of
their host plants and cause symptoms such as wilting, chlorosis, stunting, necrosis
and vein clearing. Verticillium species are notoriously difficult to control as there
are no fungicides available to cure plants once they are infected. Therefore, genetic
resistance is the preferred method for disease control.
Chapter 2 describes the functional characterization of the tomato (Solanum
lycopersicum) Ve locus. This locus is responsible for resistance against race 1
strains of V. dahliae and V. albo-atrum and comprises two closely linked inversely
oriented genes, Ve1 and Ve2. Both genes encode cell surface receptor proteins of the
extracellular leucine-rich repeat (eLRR) receptor-like protein (RLP) class of disease
resistance proteins. In chapter 2, it is demonstrated that Ve1, but not Ve2, provides
resistance in tomato against race 1 but not against race 2 strains of V. dahliae
and V. albo-atrum. Using virus-induced gene silencing in tomato, the signaling
cascade downstream of Ve1 was shown to require both EDS1 (enhanced disease
susceptibility1) and NDR1 (non-race-specific disease resistance1). In addition,
also NRC1 (NB-LRR protein required for hypersensitive response-associated cell
death1), ACIF (Avr9/Cf-9–induced F-box1), MEK2 (MAP/ERK kinase2), and
SERK3/BAK1 (somatic embryogenesis receptor kinase 3/brassinosteroid-associated
kinase 1) act as positive regulators of Ve1 in tomato. In conclusion, Ve1-mediated
resistance signaling only partially overlaps with signaling mediated by Cf proteins,
type members of the eLRR-RLP-class of resistance proteins.
In chapter 3 an attempt to introduce Nicotiana benthamiana as a model
to facilitate the study of Ve1-mediated resistance is described. Challenge of wild
type plants with several race 1 and race 2 strains of V. dahliae and V. albo-atrum
demonstrated that N. benthamiana is susceptible to both Verticillium species. To
obtain Verticillium wilt resistant plants, N. benthamiana was engineered to express
the tomato Ve1 coding sequence. However, out of thirteen transgenic lines, six
showed clear phenotypic aberrancies that included severe stunting and malformed
leaves when compared to wild type plants. The seven Ve1-transgenic lines that
did not show any phenotypic alterations were challenged with race 1 and race 2
strains. Although the pathogenicity assays indicated that in few lines Ve1 expression
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temporarily reduced disease development, most lines were as susceptible as wild type
parental line. In conclusion, in chapter 3 it is demonstrated that the Ve1-transgenic
N. benthamiana lines could not be used to study Ve1-mediated resistance signaling.
In chapter 4, the use of Arabidopsis (Arabidopsis thaliana) as model to
facilitate the study of Ve1-mediated resistance is presented. To this end, tomato Ve1
was expressed in susceptible Arabidopsis plants. Upon challenge with race 1 strains
of V. dahliae or V. albo-atrum, Ve1-expressing plants were found to be resistant. In
contrast, Ve1-expressing plants were susceptible to race 2 strains of both V. dahliae and
V. albo-atrum. Furthermore, expression of Ve1 in Arabidopsis plants did not prevent
colonization by V. longisporum strains. Through Ve1-expression in Arabidopsis
defense signaling mutants, it was demonstrated that signaling downstream of Ve1 is
highly conserved between tomato and Arabidopsis.
In previous chapters it was shown that the receptor kinase SERK3/BAK1
is required for Ve1-mediated resistance in tomato as well as in Arabidopsis. In
Arabidopsis, SERK3/BAK1 belongs to a gene family consisting of five members. In
chapter 5, the requirement of the different SERK family members in Ve1-mediated
resistance in Arabidopsis is investigated, revealing the requirement of SERK1 and,
although to a lesser extent, SERK4 for resistance. Using virus-induced gene silencing,
it was subsequently shown that SERK1 is also required for Ve1-mediated resistance
in tomato. In conclusion, the results of chapter 5 demonstrate that Arabidopsis can
be used as model to unravel the molecular mechanisms of Ve1-mediated resistance.
In chapter 6, the recognition specificity of Ve1 was further investigated by
performing domain-swaps with Ve2 and expressing the chimeric Ve proteins in
Arabidopsis. Various domain swaps in which eLRRs from Ve1 were replaced by
those of Ve2 suggest that the region between eLRR22 and eLRR35 is required for
full Ve1-mediated resistance. However, plants expressing a Ve chimera in which
eLRR1 to eLRR30 of Ve1 was replaced with those of Ve2 were resistant against
Verticillium. Overall, these results suggest that Ve2 may still bind the elicitor in the
eLRR domain, but its C-terminal domain is not able to activate a successful defense
response.

Finally in chapter 7, highlights of this thesis are discussed and placed
in a broader perspective.
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Verticillium dahliae, V. albo-atrum en V. longisporum zijn bodemschimmels
die verantwoordelijk zijn voor Verticillium verwelkingsziekten van planten in
gebieden met een gematigd dan wel sub-tropisch klimaat.. Zij kunnen meer dan
200 verschillende waardplanten aantastenn, waaronder veel economisch belangrijke
gewassen. Hoofdstuk 1 van dit proefschrift is een “pathogeenprofiel” dat de biologie
van de Verticillium verwelkingsziekte beschrijft. Verticillium koloniseert het
xyleem van de waardplant en veroorzaakt symptomen zoals verwelking, bleekzucht,
groeiachterstand, necrose en verkleuring van de vaatbundels. Verticillium is moeilijk
te bestrijden omdat geen fungiciden met curatieve werking beschikbaar zijn die de
plant kunnen genezen wanneer de infectie reeds heeft plaats gevonden. Daarom is
de introductie van planten met genetisch bepaalde resistentie de beste manier om de
ziekte te bestrijden.
Hoofdstuk 2 beschrijft de functionele karakterisering van het tomaat (Solanum
lycopersicum) Ve resistentie locus. Dit locus is verantwoordelijk voor resistentie tegen
fysio 1 isolaten van V. dahliae en V. albo-atrum. Op dit locus bevinden zich twee
nauw gekoppelde genen, Ve1 en Ve2, die in omgekeerde richting worden afgelezen.
Beide genen coderen voor celmembraan-gebonden receptoreiwitten die behoren
tot de klasse van extracellulaire receptorachtige eiwitten (RLPs) met leucine-rijke
repetitieve elementen (eLRR). Er werd aangetoond dat het Ve1 gen, maar niet
het Ve2 gen, verantwoordelijk is voor de resistentie tegen fysio 1 van V. dahliae
en V. albo-atrum. Met behulp van virus-geïnduceerde gen silencing (VIGS) werd
aangetoond dat voor Ve1-gestuurde resistentie de genen EDS1 en NDR1 noodzakelijk
zijn. Verder werd aangetoond dat ook in tomaat NRC1, ACIF en SERK3/BAK1 als
positieve regulatoren van Ve1 functioneren. Hieruit kan geconcludeerd worden dat
Ve1-gestuurde resistentie slechts deels overlapt met resistentie gestuurd door Cf
eiwitten, welke tot de klasse der RLPs behoren.
Hoofdstuk 3 beschrijft een poging om Nicotiana benthamiana als een
modelplant voor Ve1 resistentieonderzoek te gebruiken. Door wildtype planten van N.
benthamiana te inoculeren met een aantal isolaten van fysio 1 en fysio 2 van V. dahliae
en V. albo-atrum werd aangetoond dat N. benthamiana vatbaar is voor beide fysio’s.
Teneinde resistentie te bewerkstelligen werd N. benthamiana getransformeerd met
Ve1 van tomaat. Echter, van de dertien transgene lijnen bleken er zes morfologische
afwijkingen te vertonen waaronder ernstige groeivertraging en misvorming van de
bladeren. De zeven Ve1-transgene lijnen zonder morfologische afwijkingen werden
vervolgens geïnoculeerd met fysio 1 en 2 isolaten van Verticillium. Ondanks dat de
ziektetoetsen uitwezen dat de expressie van Ve1 in sommige transgene lijnen enige
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vertraging in de ziekteontwikkeling gaf, waren de meeste transgene lijnen even
vatbaar als het wildtype. Geconcludeerd kon worden dat de Ve1-transgene lijnen
van N. benthaniana niet gebruikt kunnen worden om Ve1-gestuurde resistentie te
bestuderen.
In hoofdstuk 4 wordt het gebruik van zandraket (Arabidopsis thaliana) als
een modelplant voor Ve1 resistentieonderzoek beschreven. Het tomaat Ve1 gen werd
in zandraket tot expressie gebracht. Uit ziektetoetsen met fysio 1 isolaten van V.
dahliae en V. albo-atrum bleek dat planten die Ve1 expressie vertoonden resistent
waren. Daarentegen bleken deze planten vatbaar voor fysio 2 isolaten van zowel
V. dahliae als V. albo-atrum en ook voor isolaten van V. longisporum. Door Ve1
tot expressie te brengen in afweersignaleringsmutanten werd aangetoond dat de
resistentiesignalering geconserveerd is tussen zandraket en tomaat.
In voorgaande hoofdstukken werd aangetoond dat de receptor kinase SERK3/
BAK1 noodzakelijk is voor Ve1-gestuurde resistentie in zowel zandraket als tomaat.
In zandraket behoort SERK3/BAK1 tot een genfamilie met vijf leden. In hoofdstuk
5 werd onderzocht of de verschillende leden van deze genfamilie vereist zijn voor het
functioneren van Ve1-gestuurde resistentie. Hieruit bleek dat SERK1 en in mindere
mate SERK4 nodig zijn voor resistentie. Met behulp van VIGS werd vervolgens
aangetoond dat SERK1 ook nodig is voor het functioneren van Ve1-gestuurde
resistentie in tomaat. Concluderend: de resultaten van hoofdstuk 5 tonen aan dat de
zandraket kan worden gebruikt als model om de moleculaire mechanismen die ten
grondslag liggen aanr Ve1-gestuurde resistentie te ontrafelen.
In hoofdstuk 6 werd de specificiteit van herkenning van Ve1 onderzocht
door middel van domeinuitwisseling met Ve2 en het tot expressie brengen van deze
chimere Ve-eiwitten in zandraket. Verscheidene domeinuitwisselingen waarbij de
eLRRs van Ve1 werden uitgewisseld met die van Ve2 toonden aan dat het gebied
tussen eLRR22 en eLRR35 vereist is voor volledige Ve1-gestuurde resistentie. Er
werd echter ook aangetoond dat planten die een Ve chimeer tot expressie brengen
waarin eLRR 1 tot 30 van Ve1 vervangen waren door die van Ve2, resistentie
vertoonden. Dit suggereert dat Ve2 mogelijk nog steeds de Verticillium elicitor kan
binden in het eLRR domein, maar dat het C-terminale deel van Ve2 niet meer in staat
is om de afweerrespons succesvol te activeren.
Afsluitend worden in hoofdstuk 7 de hoogtepunten van dit proefschrift
bediscussieerd en in een breder perspectief geplaatst.
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