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CHAPTER 1 
 

Gene-for-gene models: 
direct and indirect interactions between 

pathogen effectors and cognate host 
resistance proteins 
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Plants are not able to move or escape and have to confront environmental 
challenges like nutrient and water deprivation, low and high temperatures, different 
abiotic stresses and biotic stresses imposed by pathogens like viruses, bacteria, 
fungi, nematodes and insects, that all compete for plant nutrient sources. The 
outcome of a plant-pathogen interaction can vary from mild symptoms that are hardly 
harmful to the host to complete destruction of the host plant.  
 
During evolution pathogens acquired mechanisms of evasion or suppression of basal 
host defense on the one hand and plants have evolved various mechanisms to 
counter-attack infections by pathogens on the other hand. 
Specific recognition of a pathogen by its host and activation of downstream defense 
signaling are complex and both organisms have to come up with sophisticated 
strategies to survive their encounters.  
 
These encounters have in principle two possible outcomes: (i) a pathogen 
successfully infects its host plant, which is also referred to as a compatible interaction 
(the pathogen is virulent and the host plant is susceptible), or (ii) the pathogen cannot 
successfully infect its host plant which stays healthy, also referred to as an 
incompatible interaction (the pathogen is avirulent and the host plant is resistant).  
Nearly 70 years ago, Harold Flor (1942) studied the genetics of the interaction 
between the flax rust fungus Melampsora lini and flax, Linum usitatissimum. Based 
on these studies he postulated the so-called gene-for-gene hypothesis (Flor, 1942) 
which states that for each dominant resistance (R) gene in the host there is a 
cognate dominant avirulence (Avr) gene in the pathogen. Co-occurrence and 
expression of both genes leads to an incompatible interaction that is often associated 
with a hypersensitive response (HR), a type of programmed cell death in the region 
surrounding the primary infection site. 
In the introduction of my thesis I will focus mainly on physiological, genetic, molecular 
and biochemical aspects of interactions between host plants and their pathogenic 
bacteria, fungi and oomycetes.  
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1. Avr gene products or elicitors 
In gene-for-gene interactions, pathogen avirulence (Avr) gene products elicit a 
resistance reaction in plants that carry a cognate resistance (R) gene, which is 
usually associated with an HR. It is assumed that the Avr protein elicits the cognate 
plant R protein which is followed by R-mediated downstream defense signaling 
pathways, culminating in HR and phytoalexin accumulation. For this reason Avr 
proteins were previously called elicitors and initially they were only allowed to be 
called elicitors when they induced the accumulation of phytoalexins to levels that 
inhibited fungal growth in the host plant at the site of infection (Keen, 1975).  
Thus, according to this definition, elicitors were initially identified by their ability to 
trigger R gene-mediated HR and accumulation of phytoalexins. Since Flor coined the 
gene-for-gene hypothesis many biologists, plant scientists and pathologists have 
studied different pathosystems to find experimental evidence for the gene-for-gene 
hypothesis by molecular and biochemical approaches. However, it took over forty 
years before Flor’s gene-for-gene hypothesis could be proven experimentally 
(Staskawicz et al., 1984).  
The cloning of the first bacterial Avr gene, avrB, was achieved by the construction of 
a cosmid-based genomic library of an avirulent strain of Pseudomonas syringae pv. 
glycinea (Psg), that was mobilized into a virulent strain of this bacterium and the 
transformants obtained were assayed for transition from virulent to avirulent on 
soybean (Glycine max) cultivar Harosoy carrying the cognate R gene (Staskawicz et 
al., 1984).  
A few years earlier research on the Cladosporium fulvum-tomato interaction 
demonstrated the presence of Cf gene-specific elicitors of HR in intercellular fluids 
recovered from the apoplast of tomato leaves inoculated with a virulent race of this 
fungus containing the cognate Avr gene. (De Wit and Spikman, 1982) It took nearly 
fifty years after Flor’s postulation of the gene-for-gene hypothesis before the first 
fungal Avr gene was cloned (Avr9 of C. fulvum) by a reverse genetics approach (van 
Kan et al., 1991), whereas it took more than 60 years before the first oomycete Avr 
gene was cloned (Avr1b gene of Phytophthora sojae) by a map-based cloning 
approach (Shan et. al., 2004). 
 
Presently, numerous bacterial and fungal and oomycete Avr genes have been cloned 
(Block et. al., 2008; Stergiopoulos and de Wit, 2009; Kamoun, 2007). 
In the following section, we will discuss a selection of cloned bacterial and fungal Avr 
genes and their cognate plant R genes in more detail. 
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1.1. Bacterial Avr gene-R gene interactions 
The discovery that many Pseudomonas syringae species could elicit an HR in non-
host plants was important for further development of experimental bacterial-plant 
pathosystems (Klement, 1963) The intensive research on P. syringae-plant 
interactions has led to the identification of a number of Avr and hrp (hypersensitive 
response and pathogenicity) genes. Hrp genes are required for the activation of HR 
in non-host and resistant plants and for induction of pathogenicity in susceptible host 
plants (Lindgren et al., 1988). Mutation analysis of P. syringae hrp genes showed 
that they all encode proteins that function as building blocks of the machinery for the 
bacterial type three secretion system (TTSS) which is required for delivery of Avr 
proteins by injection into host plants (Figure 1). Significantly, P. syringae Avr genes 
are co-regulated with hrp genes and are dependent on the hrp regulatory system 
(Salmeron et al., 1993; Lorang and Keen, 1995; Dangl et al., 1994).  
All hrp mutants lack a functional TTSS, are not virulent on susceptible plants and can 
no longer induce a typical HR on plants carrying the cognate R gene. This suggests 
that bacteria need a functional TTSS to cause disease symptoms on susceptible 
plants, and furthermore that plants contain a specific R-gene encoded perception 
system to recognize and to subsequently inhibit bacterial multiplication until a critical 
threshold has been reached where host damaging disease symptoms can no longer 
develop (Lindgren, 1997).  
 
1.2. The Ralstonia solanacearum (PopP2)-Arabidopsis thaliana (RRS1-R/RD19) 
interaction 
The soil-born vascular pathogen Ralstonia solanacearum, causal agent of bacterial 
wilt, has been  shown to infect a range of Arabidopsis thaliana accessions, which has 
been exploited to identify the RRS1-R (Resistance to Ralstonia solanacearum1-R) 
gene (Deslandes et. al., 2002). RRS1-R encodes a TIR-NB-LRR (Toll and Interleukin 
Receptor- Nucleotide Binding site-Leucine Rich Repeat) protein with a C-terminal 
WRKY motif which is characteristic for a particular class of plant transcriptional 
regulators (Eulgem and Somssich, 2007). During infection R. solanacearum delivers 
a number of effector proteins by its TTSS, which have been designated Pops 
(Pseudomonas outer proteins) and belong to the YopJ/AvrRxv family, which contains 
members that have been proposed to act as cysteine proteases (Orth, 2002).  One 
member, PopP2, behaves as an Avr factor in A. thaliana accessions containing the 
RRS1-R gene, and by using the yeast split-ubiquitin two-hybrid system it was shown 
that PopP2 specifically interacts with the RRS1-R protein. PopP2 contains a bipartite 
nuclear localization signal and it was demonstrated that localization of RRS1-R is 
PopP2-dependent (Deslandes et. al., 2003). In a later study it was shown that a third 
interacting protein of host origin is important for the nuclear localization of PopP2 and 
RRS1-R. This is the vacuole-localized cysteine protease RD19 (Responsive to 
Dehydration 19) which interacts with both PopP2 and RRS1-R. RD19 is also required 
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for RRS1-R-mediated resistance (Bernoux et al., 2008). During bacterial infection 
and co-expression of PopP2, the expression of RD19 is induced in the vascular 
tissue. RD19 specifically re-localizes to the plant nucleus, where the two proteins 
physically interact. Although RRS1-R and RD19 interact in vitro their interaction in 
the nucleus in the presence of PopP2 could not be shown yet. It is hypothesized that 
RD19 forms a nuclear complex with PopP2 which is subsequently required for RRS1-
R-mediated resistance (Bernoux et al., 2008). Interestingly, RRS1-R is identical to 
SHL1 (Sensitivity to Low Humidity 1) except for the amino acid insertion in the WRKY 
domain leading to a loss of DNA-binding activity.  It is assumed that in absence of 
infection RRS1-R is bound to promoter(s) of defense genes to suppress their 
expression, and that in R. solanacearum-infected plants the interaction of PopP2 with 
RRS1-R displaces RRS1-R from the promoter(s) after which defense gene 
expression occurs (Shen and Schulze-Lefert, 2007).  
 
1.3. Pseudomonas syringae pv. tomato (avrRpt2)-tomato (RPS2) interaction 
The Pst (Pseudomonas syringae pv. tomato)-A. thaliana pathosystem has served as 
an excellent model to study the genetic, molecular and biochemical basis of the 
gene-for-gene interaction and to find evidence for direct interaction between a 
bacterial Avr factor and the cognate plant R protein. The avirulence gene avrRpt2 of 
Pst was identified through screening of a genomic cosmid library of a Pst strain 
(avirulent on ecotype Sf-2) when transferred into Pst DC3000 (virulent on A. thaliana 
ecotype Col-0) which became avirulent when the cosmid harbored the avrRpt2 gene. 
Further proof that the avirulence gene had been cloned came from transferring the 
avrRpt2 gene from Pst into virulent strains of the soybean pathogen Psg which led in 
all cases to an avirulent phenotype on soybean cultivar Harosoy. This indicates that 
similar resistance mechanisms occur and are functional in both A. thaliana and 
soybean (Whalen et al., 1991).  
The avrRpt2 gene encodes a 28.2 kDa protein and its expression depends on the 
hrpRS regulatory locus (Innes et al., 1993). Genetic analyses of A. thaliana mutants 
of which the parental ecotype generated an HR upon inoculation with a Pst strain 
harboring the avrRpt2 gene showed that some mutants had become fully susceptible 
to this strain. The mutants contained alterations in a single locus, named RPS2 
(Resistance to Pseudomonas syringae 2). Heterozygous RPS2/rps2 plants displayed 
a phenotype intermediate between that of RPS2/RPS2 and rps2/rps2 (Yu et al., 
1993). Remarkably, rps2/rps2 mutants retained resistance to Pst strains expressing 
avirulence gene avrB from Psg or the avrRpm1 gene from P. syringae pv. maculicola 
(Kunkel et al., 1993). The RPS2 gene was isolated by map-based cloning and shown 
to encode a 105 kDa CC-NB-LRR (Coiled Coil-Nucleotide Binding site-Leucine Rich 
Repeat) protein localized in the cytoplasm (Mindrinos et al., 1994; Bent et al., 1994).  
Transient expression of avrRpt2 elicits an HR in plants containing RPS2, 
demonstrating that no additional bacterial factors other than the avrRpt2 gene 
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product are required for induction of an HR. Similar observations were made for 
AvrRpm1-triggered RPM1-mediated resistance (Leister et  al., 1996). The AvrRpt2 
protein is a cysteine protease and is N-terminally processed after secretion. This N-
terminus is not required for recognition by RPS2, but is essential for its trafficking 
through the TTSS (Mudgett et al., 1999).  Mutational analysis of the catalytic residues 
of Avr2Rpt2 resulted in (i) elimination of the in planta processing, (ii) blocking of 
processing of RIN4 (discussed later), (iii) reduction of virulence and, (iv) inactivation 
of the RPS2-mediated resistance response (Axtell et al., 2003a). Downstream of 
Avr2Rpt2-triggered RPS2-mediated activation of defense many additional 
components are essential for efficient defense signaling such as RAR1, SGT1 and 
HSP90. The production of A. thaliana cytosolic AtHSP90.1 is rapidly induced upon 
challenge by Pst DC3000 carrying avrRpt2 and is required for complete RPS2-
mediated resistance. RAR1 and SGT1 function as chaperones of HSP90 which is 
essential for functioning of the RPS2 protein (Takahashi et al., 2003). Transgenic 
plants expressing avrRpt2 showed enhanced susceptibility to Pst DC3000 strains 
lacking the TTSS, indicating that AvrRpt2 is a virulence factor important for 
suppression of basal defense responses. 
In the cytosol of the host AvrRpt2 is folded into an active cysteine protease by the 
host cyclophilin ROC1 (Rotamase Cyp1) (Coaker et al., 2005) after which it can 
target RIN4 and RIN4-related proteins.  
 
1.3.1. A role for RIN4 (RPM1-interacting protein 4) 
In A. thaliana the interaction between AvrRpt2 and RPS2 antagonizes the interaction 
between AvrRpm1 and RPM1. This antagonism suggests competition for one or 
more common components in a signal transduction pathway leading to R gene-
mediated resistance (Ritter et al., 1996). A study with mutant versions of A. thaliana 
RPS2 revealed that the protein interacts with a 75-kD protein (Tao et al., 2000). The 
interacting protein was isolated by co-immunoprecipitation with cell extracts 
containing AvrB, AvrRpm1 or RPM1 and named RIN4 (RPM1 interacting protein 4). 
Reduction of Rin4 expression showed inhibition of the RPM1-mediated HR and a 
decrease of virulence of Pst but, interestingly, also of the oomycete Peronospora 
parasitica (recently renamed Hyaloperonospora arabidopsidis, Hpa). This indicates 
that RIN4 (i) positively regulates RPM1-mediated resistance and (ii) negatively 
regulates basal defense. The AvrRpm1 and AvrB effectors both induce RIN4 
phosphorylation which leads to negative regulation of basal defense and increased 
virulence of the pathogen in the absence of RPM1. In RPM1-mediated resistance, 
RPM1 guards RIN4 and after detection of conformational changes of RIN4 an HR is 
mounted that is effective towards pathogens expressing AvrB or AvrRpm1. This 
phenomenon is also known as the “guard” model (Mackey et al., 2002), a term that 
was initially coined by van der Biezen and Jones (1998).  AvrRpt2 is unrelated to 
AvrB and AvrRpm1 but also targets, processes and eliminates RIN4 independent of 
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the presence of RPS2. In plants containing the Rps2 gene, RIN4 physically interacts 
with RPS2 and elimination of RIN4 activates the RPS2-mediated defense signaling 
pathway (Mackey et al., 2003).  RIN4 elimination by AvrRpt2 also occurs in rps2 and 
ndr1 mutant plants proving that the elimination is independent of an RPS2-mediated 
signaling pathway. RPS2-mediated resistance is based on perception of RIN4 
elimination (Axtell et al., 2003b). The activation of RPS2 appeared to be NDR1-
independent (Belkhadir et al., 2004) (to be discussed later).  AvrRpt2 virulence 
activity likely relies on proteolysis of RIN4, in which the amino acid sequence 
surrounding the cleavage site is highly conserved in two locations of the RIN4 
protein, designated RCS1 and RCS2 (RIN4 cleavage site 1 and 2, respectively), and 
one in the AvrRpt2 protein designated ACS (AvrRpt2 cleavage site). This 
demonstrates that AvrRpt2 not only cleaves RIN4-like proteins, but has also 
autocatalytic activity (Lim et al., 2004). AvrRpt2 mutants deficient in N-terminal 
autoprocessing were still able to eliminate RIN4, whereas the proteolytically deficient 
avrRpt2 mutant (carrying the Cys122>Ala amino acid substitution) was also deficient 
in N-terminal autoprocessing and RIN4 elimination. The growth rate of Pst 
expressing AvrRpt2 on A. thaliana rin4/rps2 was significantly higher as compared to 
the catalytically inactive AvrRpt2 mutants suggesting that, in addition to RIN4, 
AvrRpt2 targets other host components. Several of these target proteins were 
eliminated in an AvrRpt2-dependent manner in a transient in planta expression 
system (Chisholm et al., 2005). It was demonstrated that in planta the cleavage of 
RCS2 is critical and leads to AvrRpt2-mediated elimination of a 6.4 kDa C-terminal 
fragment of RIN4 which is important for its localization to the host plasma membrane. 
This C-terminal fragment harbors three consecutive cysteine amino acids of which at 
least one is required for linking RIN4 to the plasma membrane, which occurs likely 
through palmitoylation and/or prenylation. As a consequence of this cleavage the 
remainder of RIN4 is released from the membrane and prevents RPM1 activation by 
AvrRpm1 or AvrB. The RCS2 cleavage site is surrounded by a 30 amino acid 
sequence important for binding to AvrB which has a plant-specific signature and is 
found in a small A. thaliana protein family. AvrRpt2 and AvrB target the same domain 
of RIN4 and possibly other RIN4-like proteins (Kim et al., 2005). Also specific amino 
acid residues within the C-terminal part of RIN4 are required for the association with 
RPS2 (Day et al., 2005). In susceptible host plants RIN4 is the virulence target of 
three unrelated Pst effector proteins, AvrB, AvrRpm1 and AvrRpt2, and maybe also 
of fungal and oomycetous effectors. In resistant plants RIN4 seems to represent a 
point of convergence for the achievement of RPS2- and RPM1-mediated defense 
signaling and resistance (Mackey et al., 2003; Axtell et al., 2003b). Also in other host 
plants RIN4-like proteins appear to be important for interaction with pathogens. In 
lettuce many RIN4-like genes exist that appear to be involved in resistance toward 
the oomycete downy mildew pathogen Bremia lactucae (Jeuken et al., 2009).  
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1.3.2. A role for NDR, a gene involved in non race-specific disease resistance 
A screening of mutagenized A. thaliana plants revealed an ndr1-1 (non race-specific 
disease resistance or nonspecific disease resistance 1) mutant that was susceptible 
to Pst DC3000 harboring avrRpt2 but resistant to strains expressing avrB and 
avrRpm1. Interestingly, this ndr1-1 mutant appeared also susceptible to the 
oomycete Hpa, suggesting that Ndr1 is a common factor required in a defense 
signaling pathway active towards two unrelated pathogens (Century et al., 1995).The 
Ndr1 gene encodes a 219 amino acid protein with two putative transmembrane 
domains, suggesting that it might be associated with a membrane. Expression 
analysis of Ndr1 upon challenge with pathogens showed that NDR1 may function as 
an integration modulator in recognition of various pathogens (Century et al., 1997). 
As discussed above, AvrRpt2-RIN4-RPS2 and AvrRpm1-RIN4-RPM1 signaling 
pathways show differential mechanisms of activation but both share the requirement 
for NDR1. NDR1 interacts with RIN4 through its cytoplasmic N-terminal part, which is 
required for AvrRpt2-triggered RPS2-mediated resistance (Day et al., 2006).  
 
2. Eukaryotic pathogen-host interactions 
Eukaryotic plant pathogens effectors have been much less intensively studied as 
compared to bacterial effectors. 
The (activities of) secreted Avr proteins of C. fulvum are perceived directly or 
indirectly by extracellular tomato Cf resistance proteins.  Other fungal and oomycete 
effectors exert their activity either in the extracellular matrix or inside the plant host 
cell. How these effectors are delivered into the host cell and contribute to pathogen 
virulence is often unknown. A few oomycete- and fungus-host interactions will be 
discussed here in more detail. 
 
2.1. Oomycete Avr gene-plant R gene interactions 
A distinctive group of very destructive pathogens such as Phytophthora infestans, 
Hyaloperonospora arabidopsidis and Albugo candida belong to the oomycetes. 
Oomycetes were considered fungi until a few decades ago, but they are more 
distantly related to true fungi than fungi to man. Oomycetes grow in a filamentous 
way similar to fungi, but they are related to lower plants like brown algae, although 
they lack chlorophyll. Oomycetes are diploid organisms (Agrios 2005)  
For many years oomycete genetic research has been considered the dark area of 
plant-microbe interactions. Effectors of Phytophthora species appeared to be 
modular and can be divided in the extracellular proteins secreted in the host apoplast 
and proteins that are directed into the cytoplasm of the host where they are 
recognized by cognate cytoplasmic R proteins. Extracellular elicitins are small, highly 
conserved proteins secreted by species of Phytophthora and Pythium that induce 
necrosis in plants and elicit an HR-like reaction. The elicitin Inf1 can be considered 
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as a pathogen-associated molecular pattern (PAMP) occurring in most oomycetes 
(Vleeshouwers et al., 2006). 
EPIs (Extracellular Proteinase Inhibitors) have been shown to act as protease 
inhibitors and can be divided in two families. The family of Kazal-like serine protease 
inhibitors consists of at least 35 members, and is present in at least five different 
Phytophthora species (Tian et al., 2004). EPI1 and EPI10 inhibit the tomato serine 
protease P69B (Tian et al., 2005a, 2005b). Another family of proteins, the so-called 
EPICs (EPI Cystatin-like domains), consists of at least four members of which 
EPIC1-4 and EPIC2B were shown to interact with, and inhibit, PIP1 (Phytophthora 
Induced Protein 1) a tomato cysteine protease (Tian et al., 2007). A recent study 
shows that EPIC1 and EPIC2B can also target the tomato cysteine protease Rcr3, 
which also interacts with the Avr2 effector protein of C. fulvum.  These results 
demonstrate that effectors from phylogenetically unrelated pathogens can target the 
same host defense proteins (Song et al., 2009). Interestingly, unlike Avr2, EPIC1 and 
EPIC2B do not trigger an HR or other defense responses on Cf-2/Rcr3 tomato.  
A number of intracellular cytoplasmic oomycete effectors has been divided in two 
families (i) the N- terminal RXLR containing effectors, and (ii) the CNRs (Crinklers). 
Both types are translocated to the cytoplasm of host cells (Kamoun, 2006, 2007). So 
far, only oomycete effectors belonging to the RXLR family are recognized by NB-LRR 
resistance proteins. The effector genes are often up-regulated during the biotrophic 
phase of the infection and are involved in cell death suppression. By using an 
Agrobacterium tumefaciens transient assay system performed in Nicotiana 
benthamiana, it has been shown that the RXLR effector Avr3aKI (the K80 and I103 
variant) interacts with the cognate R3a gene product and triggers cell death, but 
Avr3aKI also suppresses cell death induced by Inf1 (Bos et al., 2006). The Avr3aEM 
mutant protein activates an R3a-mediated HR but does not suppress Inf1-induced 
cell death (Bos et al., 2009).  Thus Avr3a can be considered a suppressor of Inf1-
triggered immunity. Over-expression of the RXLR effector Avr1b in P. sojae results in 
increased virulence on susceptible host plants and suppression of cell death induced 
by the pro-apoptotic BAX protein in both yeast and plants (Dou et al., 2008). 
Recombinant green fluorescent protein containing the RXLR domain directly enters 
soybean root cells suggesting that uptake of RXLR effectors requires host import 
machinery and does not require a pathogen-provided translocation machinery such 
as the TTSS reported for bacteria (Dou et al., 2008). Whole genome sequencing of 
several oomycete genomes has revealed the existence of hundreds of effector genes 
in these genomes, suggesting that oomycetes need to perturb many host targets in 
order to successfully infect their host plants. Dissecting the individual virulence 
functions of so many effectors remains a main challenge for future research.  
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3. Fungal Avr gene-plant R gene interactions 

3.1 The Rhynchosporium secalis-barley pathosystem 
Studies on the Rhynchosporium secalis-barley pathosystem revealed that the fungus 
secretes three low-molecular-weight peptides Nip1, Nip2 and Nip3 (Necrosis-
inducing peptides 1, 2 and 3). In bioassays, these peptides elicit non-specific 
necrosis in primary leaves of both resistant and susceptible barley cultivars 
(Wevelsiep et al., 1991). Nip1 (renamed AvrRrs1) elicits specific (non-HR) defense 
responses in barley cultivars harboring the Rrs1 resistance gene (Hahn et al., 1993). 
Mature Nip1 shows all common features of a fungal elicitor and contains 10 cysteines 
which are all involved in intramolecular disulfide bonds (Rohe et al., 1995; Van’t Slot 
et al., 2003). Virulent strains of R. secalis on Rrs1 barley plants either lack the Nip1 
gene or the sequence of the Nip1 gene contains point mutations that result in single 
amino acid substitutions (Rohe et al., 1995). Three Nip1 isoforms have been 
described that contain single amino acid substitutions which are correlated with gain 
of virulence on Rrs1 plants. To date, 14 Nip1 isoforms have been identified and it has 
been reported that the deletion frequency of Nip1 was higher in comparison to Nip2 
and Nip3. Apparently, loss of this gene does not affect the fitness of the fungus. Nip1 
interacts with a single high affinity plasma membrane receptor that is involved in both 
virulence and Rsr1-mediated defense, but the gene for this receptor and the Rsr1 
gene have not been characterized yet (Van’t Slot et al., 2007). 
 
3.2 The Fusarium oxysporum f. sp. lycopersici - tomato pathosystem 
The vascular pathogenic fungus F. oxysporum f. sp. lycopersici secretes several 
proteins in the xylem of the host during infection. To date four so-called Six effectors 
(Secreted in xylem) have been cloned. Six1 (renamed Avr3) and Six3 (renamed 
Avr2) are required for full virulence on tomato (Rep et al., 2004, 2005), but also 
trigger a defense response in the presence of the cognate I-2 (Houterman et al., 
2009) and I-3 resistance genes, respectively (Huang and Lindhout, 1997; Rep et al., 
2004). It is notable that all three Six genes are located on a small chromosome only 
found in the F. oxysporum f. sp. lycopersici lineage, and not in other formae 
speciales or non-pathogenic Fusarium species, suggesting that this chromosome is 
required for virulence on tomato (Van der Does et al., 2008; Ma et al., 2010). This 
chromosome is probably obtained only once during evolution of the pathogen 
carrying all the essential effector genes required for infection of tomato. This has 
probably been achieved by means of horizontal gene transfer in one strain that has 
subsequently spread to other clonal F. oxysporum f. sp. lycopersici strains (van der 
Does et al., 2008; Ma et al., 2010). Recently it has been shown that non-pathogenic 
Fusarium strains can obtain this chromosome from pathogenic strains by co-
cultivation on artificial media (Ma et al., 2010). In contrast to the previous Six 
proteins, Six4 (renamed Avr1) is not required for full virulence of F. oxysporum f. sp. 
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lycopersici strains on susceptible tomato plants and provides avirulence to the strains 
on tomato lines carrying the I or I-1 resistance gene. Transformation of Avr1 in F. 
oxysporum f. sp. lycopersici strains avirulent on I-2 and/or I-3 tomato lines show a 
gain of virulence on these lines. This demonstrates that Avr1 functions as a 
suppressor of both I-2- and I-3-mediated resistance. Interestingly, to date all F. 
oxysporum f. sp. lycopersici strains analyzed contain Avr3, whereas Avr1 is only 
present in strains that are virulent on I-2 and/or I-3 lines. Even if Avr1 is not required 
for full virulence it might have been acquired to compensate for the fitness penalty 
due the loss of Avr3 and probably also Avr2 in overcoming I-2- and I-3-mediated 
resistance. Remarkably, the Avr2 protein is secreted in the xylem of tomato during 
fungal colonization but is recognized in the cell by I-2 protein, suggesting that it is 
taken up by the host. Single amino acid substitutions found in natural strains result in 
gain of virulence on I-2 genotypes (Houterman et al., 2009). 
 
3.3 The Magnaporthe oryzae-rice pathosystem 
The simplest model for gene-for-gene interactions is the receptor-ligand model, 
representing direct interaction between the plant R protein and its cognate pathogen 
Avr protein. An interaction complying with this model is that between Magnaporthe 
grisea Avr-Pi-ta and the rice Pi-ta R gene product, a cytoplasmic CC-NB-LRR 
protein. A number of M. grisea Avr genes has been cloned and characterized 
(Orbach et al., 2000; Valent et al., 1991). I will focus only on the Avr–Pi-ta gene, 
currently renamed Avr-Pi-ta1.  
Avr-Pi-ta codes for a 233 amino acid protein homologous to fungal zinc dependent 
metalloproteases with a functional N-terminal secretion signal and pro-protein 
sequences as demonstrated by transient expression of Avr-Pi-ta176 which lacks the 
secretion signal representing the mature Avr-Pi-ta. By yeast two-hybrid assays and in 
an in vitro binding assay (far western) it was proven Avr-Pi-ta176 specifically binds to 
the LRR domain of Pi-ta. Susceptible plants carry an amino acid substitution 
(Ala918>Ser) in the LRR domain of Pi-ta. Single amino acid substitutions in the Pi-ta 
LRR domain or in the AVR-Pi-ta176 protease motif that result in loss of resistance also 
abolish physical interaction between the two proteins, both in yeast two-hybrid 
assays and in an in vitro binding assay (Jia et al., 2000). Pi-ta shows low constitutive 
expression in both resistant and susceptible rice. Rice varieties reported to have the 
linked Pi-ta2 gene contain Pi-ta plus at least one other R gene, potentially explaining 
the broadened resistance spectrum of Pi-ta2 relative to Pi-ta (Bryan et al., 2000). 
Various Avr-Pi-ta mutations allow the pathogen to circumvent Pi-ta-mediated 
resistance. Interestingly, genetic mapping showed that Avr-Pi-ta in M. grisea is 
located entirely within the most distal part of chromosome 3 and spontaneous loss of 
Avr-Pi-ta appears to be related to its telomeric location (Orbach et al., 2000).  
Also an insertion of the Pot3 transposon in the promoter of Avr-Pi-ta caused gain of 
virulence on Pi-ta-containing plants (Kang et al., 2001).  



- 18 - 

 

Analysis of M. grisea isolates from diverse hosts demonstrated that Avr-Pi-ta1 
belongs to a gene family with Avr-Pi-ta2 and Avr-Pi-ta3 as members. Avr-Pi-ta2 but 
not Avr-Pi-ta3 elicits Pi-ta-mediated defense responses. Avr-Pi-ta1 and Avr-Pi-ta2 
are found in both M. oryzae and M. grisea but Avr-Pi-ta3 is only present in M. oryzae 
isolates (Chang et al., 2008). Recently, it was reported that alternative splicing of Pi-
ta may increase protein diversity. 
Gene expression analysis in a resistant host plant containing Pi-ta revealed that 
transcript variants encoding the C-terminal thioredoxin (TRX) domain showed much 
higher expression levels in comparison to the other full length or truncated 
transcripts. This suggests that some variants may have a significant function in R 
gene regulation (Costanzo et al., 2009). Genetic analysis of mutated susceptible host 
plants expressing Pi-ta resulted in the identification of the Ptr(t) (Pi-ta resistance) 
locus, which appeared specific to Pi-ta-mediated signal recognition. This result 
suggests that a third component involved in the Avr-Pi-ta-Pi-ta interaction is required. 
To date, Ptr(t) has not yet been characterized (Jia et al., 2008).  
 
3.4 The Melampsora lini-flax pathosystem 
In contrast to other well-studied pathosystems,  information on rust pathogenicity 
mechanisms is limited due to the fact that rust fungi are obligate biotrophs and 
difficult to culture or transform. During infection, feeding structures known as 
haustoria are produced to obtain nutrients from the host. At the interface between the 
haustorium and the host plasma membrane a dynamic interaction between pathogen 
and host occurs, involving extensive trafficking of nutrients and signaling molecules. 
In flax rust-resistant plants HR-mediated resistance is associated with the formation 
of haustoria (Dodds et al., 2007). As mentioned earlier, the genetic studies by Harold 
Flor on the interaction between the flax rust fungus M. lini and flax (L. usitatissimum) 
has resulted in formulating the gene-for-gene hypothesis (Flor, 1942). A very 
comprehensive and detailed study of the pathosystem has distinguished at least 30 
interacting R-Avr gene pairs and the R genes are clustered at five genetic loci (K, L, 
M, N and P) as described by Dodds and associates (Dodds et al., 2007). By 
screening of a flax rust haustorium-specific cDNA library 21 HESPs (haustorially 
expressed secreted proteins) were identified belonging to four different loci. The 
avirulence activity was confirmed by expressing AvrL567, AvrM, AvrP123 and AvrP4, 
in flax plants carrying the cognate R genes. Surprisingly, AvrM shows no homology 
to genes known in public databases and its product contains no cysteine residues in 
contrast to the proteins AvrP4 and AvrP123 which are cysteine-rich and of which the 
latter has a Kazal serine protease inhibitor signature (Catanzariti et al., 2006). 
The AvrL567 genes all encode 127 amino acid proteins, are expressed in haustoria 
and secreted in the extrahaustorial matrix after which they end up in the host 
cytoplasm. A. tumefaciens-mediated transient expression of mature AvrL567-A or 
AvrL567-B, but not of AvrL567-C, induces an HR in L. usitatissimum and N. tabacum 
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during co-expression of the L5, L6, or L7 resistance gene, respectively (Dodds et al., 
2004). Yeast-two-hybrid assays indicated that Avr567 proteins interact directly with 
the corresponding R proteins, which could also be confirmed in planta. Virulent rust 
strains escape recognition by altering Avr genes, as demonstrated for the AvrL567 
genes which have been examined in detail. Virulent alleles encode proteins with an 
very high level of amino acid sequence variation (Dodds et al., 2006). Biochemical 
analyses of heterologously produced AvrL567 protein variants that escape 
recognition but maintain a conserved structure and stability suggest an important 
conserved virulence function for these proteins. Similar levels of diversity were 
observed for the AvrM, AvrP123, and AvrP4 genes of flax rust (Catanzariti et al., 
2006).  
 
3.5 The Cladosporium fulvum-tomato pathosystem 
The Cladosporium fulvum- tomato (Solanum lycopersicum) interaction has been 
studied intensively by various research groups. From C. fulvum (syn. Passalora 
fulva) four race-specific Avr genes, Avr2, Avr4, Avr4E and Avr9, have been cloned 
and they all encode small cysteine-rich proteins that are secreted during infection of 
tomato (Van Kan et al., 1991; Joosten et al., 1994; Westerink et al., 2004 Luderer et 
al., 2002). Their recognition in tomato is mediated by the cognate Cf (C. fulvum) R 
proteins, Cf-2, Cf-4, Cf-4E and Cf-9, respectively (De Wit et al., 1997; Joosten and 
De Wit, 1999; Thomma et al., 2005; De Wit et al., 2009).  In addition, C. fulvum 
secretes Ecps (Extracellular proteins) during infection.  Ecp1, Ecp2, Ecp4 and Ecp5 
have been characterized (Van den Ackerveken et al., 1993b; Laugé et al., 2000) and 
trigger an HR in tomato accessions that harbor cognate Cf-Ecp genes which were all 
found to map on chromosome 1 close to the Cf9 homologs (Laugé et al., 1998; 
Haanstra et al., 1999; Haanstra et al., 2000; Soumpourou et al., 2007). Recently, 
Ecp6 and Ecp7 have been identified but no corresponding R genes in tomato 
accessions have been identified yet (Bolton et al., 2008).  
Until recently no homologs of Avr and Ecp proteins have been found in public protein 
databases, except for Avr4, Ecp2 and Ecp6 which contain orthologs in several other 
fungal species. While Avr4 possess a chitin-binding motif 14, Ecp6 contains LysM 
domains which have been associated with binding of various carbohydrates including 
chitin (Bolton et al., 2008; De Jonge and Thomma, 2009). 
Avr4 functions as a virulence factor protecting the fungal cell wall against hydrolysis 
by plant chitinases (Van den Burg et al., 2003, 2004, 2006; Van Esse et al., 2007). 
Ecp6 was suggested to be a functional homolog of Avr4 or, alternatively, be involved 
in sequestering of chitin fragments that are released from fungal cell walls during 
infection that might otherwise trigger PTI by activating the plant chitin receptor (Miya 
et al., 2007; Kaku et al., 2006; Bolton et al., 2008; De Jonge and Thomma, 2009). 
Also Ecp1 and Ecp2 are proven to be involved in virulence (Laugé et al., 1997). 
Natural and mutant strains lacking or not expressing a functional Avr9 gene do not 
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seem to be less virulent on tomato than natural strains harboring a functional Avr9 
gene (Marmeisse et al.,1993) but Avr9-(over)expressing tomato plants appear to be 
more susceptible than control plants to natural C. fulvum strains that lack Avr9. This 
suggests that Avr9 is a virulence factor with redundant activity (H. P. van Esse and B. 
P. H. J. Thomma, personal communication). 
 
3.5.1 The Avr4-Cf-4E interaction 
The Avr4E gene encodes a small secreted cysteine-rich protein and no biological 
function besides its recognition by Cf-4E has been reported. The amino acid 
substitution Phe82>Leu in Avr4E eliminates its recognition by Cf-4E without affecting 
its stability, which suggests that the amino acid residue Phe82 is important for 
recognition by Cf-4E (Westerink et al., 2004). Analysis of various strains of C. fulvum 
that can evade Cf-4E-mediated resistance showed that a significant number has 
jettisoned the Avr4E gene or circumvent recognition by point mutations in the Avr4E 
gene without apparent loss of fitness. The virulence function of Avr4E is not yet 
known, but Avr4E-expressing tomato plants are more susceptible than control plants 
to natural C. fulvum strains that lack Avr4E, suggesting that Avr4E is a virulence 
factor (H. P. van Esse and B. P. H. J. Thomma, personal communication). 
 
3.5.2 The Avr4-Cf-4 interaction 
The Avr4 protein contains four disulfide bonds (Van den Burg et al., 2001) which 
contribute to the stability in the protease-rich apoplast of tomato leavrs (Van den 
Burg et al., 2003; Westerink et al., 2004). Transgenic A. thaliana expressing Avr4 
shows an increased susceptibility towards several chitinous fungal pathogens and, 
similarly, increased susceptibility was observed upon expression of Avr4 in tomato 
challenged with the vascular pathogen Fusarium solani pv. lycopersici. Avr4 silencing 
in C. fulvum resulted in decreased virulence on tomato. All these results demonstrate 
the requirement of Avr4 as an effector for pathogen virulence (Van Esse et al., 2007). 
Avr4 induces Cf-4-mediated HR, and some natural Avr4 isoforms abolish recognition 
by Cf-4, but are still able to bind chitin (Van den Burg et al., 2003; Joosten et al., 
1997; Stergiopoulos et al., 2007). Heterologous expression of Avr4 in planta and 
injection of purified Avr4 protein triggers Cf-4-dependent HR (Thomas et al., 2000), 
indicating that binding to fungal chitin is not required for Cf-4-dependent HR. The 
interaction between Cf-4 and Avr4 is considered to be direct, and this is supported by 
heterologous Cf-4 expression in many plant species which did not lead to HR 
autoactivation, but some species activate a necrotic response when Cf-4 is co-
expressed with Avr4 (Hammond-Kosack et al., 1998; Thomas et al., 2000; Van der 
Hoorn et al., 2000; Wulff et al., 2004). Furthermore, several studies have not been 
able to detect a target in the host plant tomato that could possibly act as a guardee 
(Westerink et al., 2002; van Esse et al., 2007). Nevertheless, direct binding of Avr4 to 
Cf-4 could not be experimentally demonstrated thus far. 
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3.5.3 The Avr9-HABS-Cf-9 interaction 
The mature Avr9 peptide contains 28 amino acid residues and its six cysteine 
residues are all involved in disulfide bonding, creating a cystin-knotted protein that 
shows structural homology to carboxy peptidase inhibitors and a range of other 
cystin-knotted inhibitor proteins (Vervoort et al., 1997). However, for Avr9 no 
inhibitory activity or inhibitor target has yet been identified (Van den Ackerveken et 
al., 1993a; Van den Hooven et al., 2001; van Kan et al., 1991; Vervoort et al., 1997). 
A HABS (high-affinity Avr9 binding site) has been detected in microsomal fractions of 
tomato and other Solanaceous plants, irrespective whether they carried the Cf-9 
gene or not (Kooman-Gersmann et al.,1996). Interestingly, in lettuce Cf-9 did not 
respond with an HR to treatment with Avr9, most likely due to absence of the HABS 
(Van der Hoorn et al., 2000). Despite considerable research efforts the HABS has not 
yet been identified (Van der Hoorn et al., 2001). A systematic mutational analysis of 
Avr9 has shown a positive correlation between the binding affinity of Avr9 for the 
HABS and the ability of Avr9 to trigger Cf-9-mediated HR (Kooman-Gersmann et al., 
1998). These data suggest that (i) the Avr9-triggered Cf-9-mediated HR requires the 
HABS, or (ii) that the Avr9-HABS complex activates Cf-9-mediated HR. 
Notwithstanding extensive research efforts, so far, a direct interaction between the 
Avr9 protein and the tomato Cf-9 resistance protein could not be proven (Luderer et 
al., 2001). The Cf-9 and Cf-4 genes show similarities and many domain swap and 
gene-shuffling experiments were performed that have indicated the region of Cf-9 
responsible for Avr9 recognition, and the region of Cf-4 responsible for Avr4 
recognition, respectively (Van der Hoorn et al., 2001; Wulff et al., 2001). These 
studies showed that the absence in Cf-4 of two LRRs present in Cf-9 (LRR11 and 
LRR12) was essential for Cf-4 function but not for Avr4 recognition.  
 
4. Disease resistance genes  
After the cloning of Avr genes from different microbes the search for their cognate R-
genes was initiated in many laboratories. The R genes and their encoded proteins 
generally need to meet two basic criteria:  they must (i) be involved in perception of 
the pathogen, and (ii) should subsequently activate defense responses to a level that 
limits disease progress. Plant R proteins should act as receptors of pathogen Avr 
proteins and should have a high degree of specificity for pathogen strains. Many R 
genes have been identified since the 1990s. I will discuss only a set of cloned R 
genes for which also the cognate Avr genes have been cloned.  
 
4.1 R gene cloning and characterization of encoded proteins 
The tomato Pto gene, the first race-specific R gene cloned, provides resistance to 
particular strains of the Pst bacterium that carry the cognate avrPto gene and was 
isolated by a map-based cloning approach. Pto encodes a serine/threonine protein 
kinase, indicating that it is likely involved in activation of a signal transduction 
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pathway upon interaction with AvrPto (Martin et al., 1993). Pto is very closely linked 
to the Fen gene, encoding another serine/threonine protein kinase, which specifies 
sensitivity to the fenthion insecticide (Martin et al., 1994). Tomato mutants altered in 
resistance to the pathogen revealed the presence of an additional gene, Prf 
(Pseudomonas resistance and fenthion sensitivity) that is required for both Pto and 
Fen function (Salmeron et al., 1994). By yeast two-hybrid analysis with Pto as a bait, 
a second serine/threonine kinase, Pti1 (Pto-interacting 1) was identified, which 
physically interacts with Pto and may participate in Pto-mediated signaling. Only Pto, 
but not Fen, phosphorylates Pti1, whereas Pti1 is not able to phosphorylate Pto or 
Fen. These findings indicate that Pti1 may participate in a downstream Pto-mediated 
signaling pathway (Zhou et al., 1995). 
The tomato Cf-9 resistance gene, providing resistance against races of C. fulvum 
expressing Avr9, was isolated by transposon tagging. The Cf-9 protein comprises a 
signal peptide for extracellular secretion and 27 LRRs at the C-terminus, a 
transmembrane domain and a short cytoplasmic tail (Jones et al., 1994). The cloned 
Cf-2 gene, which confers resistance to races of C. fulvum that express the cognate 
Avr2 gene, encodes a protein with an overall structure that is similar to the Cf-9 
protein with the difference that it contains 37 instead of 27 LRRs. Interestingly, the 
Cf-2 locus harbors two functional Cf-2 copies, suggesting a recent gene duplication 
(Dixon et al., 1996). 
The Pst-A. thaliana pathosystem was exploited to identify several R genes. Here, I 
will limit myself to the discussion of only two R genes, RPS2 and RPM1.  The RPS2 
gene was isolated by a map-based cloning approach. A biolistic transformation 
system was applied for RPS2 gene delivery into to rps2 mutants and RPS2-mediated 
HR was demonstrated by infiltration of Pst strains carrying the avrRpt2 gene 
(Mindrinos et al., 1994). RPS2 encodes a 105 kDa protein belonging to the CC-NB-
LRR class of cytoplasmic R proteins (Bent et al., 1994).  Another CC-NB-LRR-
encoding R gene is RPM1, which confers dual specificity to P. syringae expressing 
avrB or avrRpm1, two unrelated Avr genes. Also the RPM1 protein shares molecular 
features with reported single-specificity R genes. In contrast to all known R genes, 
natural susceptible A. thaliana accessions lack any RPM1 homologs (Grant et al., 
1995). Analysis of the whole genome sequence of A. thaliana revealed that NB-LRR-
encoding genes represent about 1% of the genome and contain on average 14 LRRs 
with a distinctive 24 amino acid residue repeat length (Meyers  et al., 2003). Large-
scale expression analyses indicated that alternative splicing occurs in at least 30 A. 
thaliana NB-LRRs (Tan et al., 2007) which can lead to different localizations of the 
encoded proteins and R proteins lacking or containing only a subset of LRRs (Jordan 
et al., 2002). 
The A. thaliana RRS1-R gene that provides resistance against R. solanacearum 
encodes a TIR-NB-LRR and interestingly carries a C-terminal WRKY motif that is 
characteristic for particular plant transcription factors (Deslandes et al., 2002). 
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The flax rust resistance gene L6 contains an NB domain that is similar to other R 
proteins, but its LRR domain does not fit the canonical LRR structure (Lawrence et 
al., 1995). The LRR region terminates in two direct repeats, each 146 amino acids in 
length. Furthermore, the L6 protein shares a domain homologous to the cytoplasmic 
domain of TIR-NB-LRRs. The L6 gene can generate four different types of transcripts 
resulting from alternative splicing (Ayliffe et al., 1999). In total 12 alleles from the flax 
L locus were cloned and all encode TIR-NB-LRRs. Proteins L6 and L11 differ in the 
LRR region only, but proteins L6 and L7 differ exclusively in the TIR region, indicating 
that specificity differs between alleles and can be established by both the LRR and 
the TIR region (Ellis et al., 1999).  
Thus, to date three major groups of plant resistance proteins which are activated 
upon Avr perception have been reported, namely (i) the secreted extracellular cell 
membrane-attached receptor-like proteins (RLPs), (ii) the intracellular and nuclear 
CC-NB-LRRs and (iii) the intracellular and nuclear TIR-NB-LLRs. The different 
domains occurring in most R proteins will be discussed in the following sections. 
 
4.1.1 The LRR domain 
The largest domain of most plant R proteins consists of LRRs which are supposed to 
be involved in protein-protein interactions and might thus also directly or indirectly 
interact with cognate pathogen Avr proteins. R-gene families show a high degree of 
polymorphism including complete gene duplications which have been evolutionary 
differentiated by point mutations, deletion(s) and intragenic duplication(s), often 
including LRRs. The selection pressure imposed on plants by pathogens has forced 
development of functional resistance specificities as well as maintenance of R-gene 
diversity (Ellis et al., 2000).  An LRR unit usually contains a conserved canonical 
amino acid consensus consisting of Leu-Xxx-Xxx-Leu-Xxx-Leu-Xxx-Xxx-Asn that 
forms a β-strand followed by a more diverged sequence; each LRR folds into a loop 
that repetitively forms a stack-like super-helix. The β-strands align on the outside of 
an arc’s concave surface in a continuous β-sheet. The conserved leucine amino 
acids face inward to form a stable hydrophobic core. The conserved asparagine 
amino acids and the variable domains give each repeat a wedge shape-like structure 
and force a curve-like shape (Kobe and Kajava, 2001). The RLP class of R proteins 
contains membrane-anchored glycosylated extracellular LRRs (eLRRs) with a well 
conserved Leu-Thr/Ser-Gly-Xxx-Ile-Pro amino acid motif following the LRR β-strand 
(Jones and Jones, 1997; Kajava, 1998). Another class of R genes encodes NB-LRRs 
which contain intracellular LRRs (iLRRs) in which the conserved arginine is replaced 
by a cysteine (Kajava, 1998). 
 
 
 
 



- 24 - 

 

4.1.2 The NB domain 
The NB domain is part of the NB-ARC domain, which consists of three sub-domains 
e.g. NB, ARC1 and ARC2. STAND proteins lack the LRR domain and it has been 
proposed that they are involved in regulating cellular responses and function as 
molecular switches through nucleotide-dependent conformational changes (Leipe et 
al., 2004; Takken et al., 2006). A similar molecular switch function occurs in plant 
NB-LRR proteins (Tameling et al., 2006). When bound to ATP, the NB-LRR is 
activated leading to a strong HR. Native ATPase activity brings the NB-LRR into its 
resting stage. Due to the ability of these R proteins to initiate host cell death, their 
activity needs to be strictly controlled, meaning that they stay inactive in the absence 
of a pathogen, but become activated immediately upon pathogen attack. During 
infection by pathogens their effector molecules modulate intramolecular host targets 
that are sensed by NB-LRR proteins leading to a quick exchange of ADP by ATP. 
This implies that an energy-dependent conformational change in R proteins is crucial 
for their activity. In a study on the tomato NB-LLR I-2 resistance protein that provides 
resistance against Fusarium oxysporum f. sp. lycopersici it was shown that the NB 
domain is able to bind and hydrolyze ATP (Tameling et al., 2002; 2006). Two 
mutations in the NB domain of I-2 appeared to keep the protein in an auto-active 
state unable to hydrolyze ATP. This suggests that accumulation of ATP-bound I-2 
triggers continuous defense signaling. Since the sequence identity between NB 
domains of different NB-LRRs is relatively low it is possible that theses domains work 
somewhat different in different R proteins (Tameling et al., 2006). 
 
4.1.3 TIR and CC domains 
The NB-LRR class of R proteins can be subdivided into TIR-NB-LRR and CC-NB-
LRR proteins that often show variation in NB domains, dividing them into evolutionary 
divergent classes (Meyers et al., 1999; Pan et al., 2000). Furthermore, the TIR-NB-
LRR group can be further subdivided into two subgroups depending on the presence 
or absence of a CNL (C-terminal non-LRR domain) (Dodds et al., 2001). Also the 
CC-NB-LRR group can be further subdivided based on additional N-terminal 
variations. The SD (Solanaceous domain) is a long extension of the CC domain that 
has only been found in the Solanaceae (Mucyn et al., 2006; Rairdan and Moffett, 
2007). The BED (BEAF and DREF) domain, a zinc finger DNA-binding domain, is 
found in the rice Xa1 resistance protein and in NB-LRRs of poplar (Aravind, 2000; 
Tuskan et al., 2006). After recognition of the pathogen either the TIR or CC domain 
becomes involved in initiation of a resistance response as demonstrated by deletion 
and mutation analyses of the TIR domain of the tobacco N protein that is active 
towards the tobacco mosaic virus (TMV) (Dinesh-Kumar et al., 2000), and the CC 
domain of RPS2 that is active towards Pst strains carrying the cognate AvrRpt2 
effector (Tao et al., 2000; Tornero et al., 2002). In potato (Solanum tuberosum) the 
CC-NB-LRR protein Rx, which confers resistance to PVX (Potato virus X ), carries a 
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highly conserved Glu-Asp-Val-Ile-Asp amino acid motif in the CC domain that 
mediates an intramolecular interaction that is dependent on several domains within 
the remaining part of both the NB and LRR domains of the Rx protein (Rairdan et. al., 
2008). A model was proposed where the LRR and CC domains co-regulate the 
signaling activity of the NB domain in a recognition-specific manner. Similar results 
were obtained for the flax P resistance protein where loss of function was observed 
for several truncated versions of the CNL domains suggesting roles of these domains 
in resistance towards flax rust (Dodds et al., 2001). In plants, the TIR domain is found 
almost exclusively in NB-LRR proteins and has been proposed to play a signaling 
role in defense. Reciprocal TIR domain swaps within flax L alleles resulted in 
changes of R protein specificity, ranging from novel specificities to complete loss of 
specificity (Luck et al., 2000). The TIR-NB-LRR N protein that confers resistance to 
TMV interacts with the viral p50 helicase domain and N and p50 locate both in the 
cytoplasm and the nucleus, whereas nuclear localization of N is required for TMV 
resistance. The TIR domain of N is critical for initial interaction with p50 facilitated by 
putative host proteins instead of the LRR domains, whereas a second interaction with 
p50 occurs directly between the NB and LRR domains (Burch-Smith et al., 2007). 
The TIR-NB-LRR RPS4 gene encodes a protein conferring resistance to Pst carrying 
avrRps4. Site-directed mutagenesis of the TIR domain of RPS4 generated not only 
loss-of-function mutants but also several gain-of function mutants. In addition, amino 
acid residues outside the TIR domain are also required for defense signaling and HR 
(Swiderski et al., 2009).  
 
4.1.4 Associations of R proteins with host factors 
Mutational analyses in A. thaliana have led to the identification of signaling 
components downstream of R protein activation (Glazebrook, 2001). Some of these 
components will be discussed here.  
EDS1 encodes a protein with homology to lipases (Falk et al., 1999) and is required 
for TIR-NB-LRR-mediated resistance, whereas NDR1 is required for CC-TIR-NB-
LRR-mediated resistance (Aarts et al., 1998). Thus, EDS1 and NDR1 characterize at 
least two independent R-gene mediated plant defense signaling pathways.  
Two other components important for R protein function are SGT1 and RAR1. SGT1 
is a component of Skp1-Cullin-F-box proteins (SCF) ubiquitin ligases that target 
regulatory proteins for degradation, a homolog of the yeast ubiquitin ligase-
associated protein, that is essential for the function of several R genes (Austin et al., 
2002; Azevedo et al., 2002). N. benthamiana SGT1 homologs are required for N-
mediated resistance towards TMV, Rx-mediated resistance towards PVX and Pto-
mediated resistance towards Pst expressing avrPto (Liu et al., 2002; Peart et al., 
2002). RAR1 (required for Mla12 resistance) is also required for defense pathways 
mediated by several R proteins (Muskett et al., 2002; Shirasu et al., 1999; Tornero et 
al., 2002) and encodes a protein with two zinc-binding CHORD (cysteine- and 
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histidine-rich domains) domains that were first isolated from barley (Hordeum 
vulgare) (Shirasu et al., 1999). Genetic studies in barley revealed that the 
polymorphic Mla (mildew A) locus harbors a large number of functional R genes 
mediating isolate-specific resistance towards the powdery mildew fungus (Blumeria 
graminis f. sp. hordei). These genes encode intracellular CC-NB-LRR proteins. 
Reciprocal domain swaps between Mla1 and Mla6 resulted in the identification of a 
recognition domain for the cognate fungal Avr proteins AvrMla1 and AvrMla6, 
respectively, in each of the proteins. Remarkably, Mla1/Mla6 hybrids that confer 
AvrMla6 recognition exhibited different RAR1 and SGT1 dependency (Azevedo et al., 
2002; Shen et al 2003). RAR1 and SGT1 are required for the function of many 
intercellular R proteins and appear not only crucial for recognition and activation of R 
proteins upon pathogenic attack, but also for regulation of downstream defense 
signaling processes. In absence of a pathogen these R-SGT1-RAR1 protein 
complexes might be in a resting state (Shirasu et al., 2003). A rar1 mutant plant is 
compromised for Mla6 but not for Mla1 resistance.  Mla1/Mla6 hybrid proteins show 
different steady state levels which are correlated with their requirement for RAR1, 
where the RAR1-independent hybrid protein accumulated to higher levels, whereas 
the RAR1-dependent hybrid protein to lower levels. The LRR domains of RAR1-
independent Mla isoforms but not of RAR1-dependent Mla isoforms interact with 
SGT1 (Bieri et al., 2004).  
The cytosolic HSP90 (heat shock protein 90) is abundantly present in both 
prokaryotes and eukaryotes and is involved in defense signaling pathways (Richter 
and Buchner 2001). A. thaliana HSP90.1 (AtHSP90.1) is required for full RPS2-
mediated resistance towards Pst carrying avrRpt2 (Takahashi et al., 2003), whereas 
AtHSP90.2 with a mutation in the ATP-binding domain compromises RPM1-mediated 
resistance towards Pst expressing AvrRpm1 (Hubert et al., 2003). In the HSP90-
RAR1-SGT1 interaction, SGT1 and RAR1 act as co-chaperones of HSP90 and 
assemble with the R protein into a hetero-multimeric protein complex that functions in 
signaling and  regulation of plant disease resistance (Hubert et al., 2003; Shirasu and 
Schulze-Lefert, 2003; Takahashi et al., 2003).  
Over-expression of R genes can lead to Avr-independent HR. This phenomenon has 
been observed for Pto in tomato (Tang et al., 1999), RPS2 in A. thaliana (Tao et al., 
2000) and L in tobacco (Frost et al., 2004) suggesting that R proteins appear to be 
under tight control and can escape control by chaperones when over-expressed. In a 
study on RPS4 over-expression in tobacco an AvrRps4-independent HR was 
induced that required EDS1, SGT1 and HSP90, whereas both the TIR and NB 
domains of RPS4 were required (Zhang et al., 2004). 
During homeostasis and prior to activation, R proteins must be correctly folded and 
maintained in a recognition-competent state until effectors of pathogen can be 
recognized leading to a conformational changes, translocation and downstream 
signaling. It is essential to avoid inappropriate R protein activation which is a threat to 
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the cell and the strict control of R proteins requires the SGT1-HSP90 chaperone 
complex that is structurally and functionally conserved in eukaryotes (Shirasu et al., 
2009). Complex interactions of chaperone-chaperone and chaperone-NB-LRR 
domains have been demonstrated by immuno-precipitation assays, where it 
appeared that the LRR domain is frequently involved in binding. Impairing the 
chaperone function has a negative effect on resistance protein activation and 
function, ranging from reduced resting state levels of particular NB-LRRs to complete 
failure. 
 
4.1.5 Conclusions on Avr and R proteins 
Most plant pathogens have developed sophisticated ways to communicate with their 
host plants, and during evolution plants have developed an efficient innate immune 
system enabling them to recognize, and defend themselves towards different types 
of pathogens. Pathogen recognition induces a chain of host defense responses with 
three major levels of which the lowest represents the most basic form of defense, 
also referred to as basal defense, followed by induced defense responses known as 
PTI (PAMP-triggered immunity) and ETI (Effector-triggered immunity). Successful 
plant pathogens can breach or lower both PTI and ETI with their effectors. PTI is a 
non-specific type of innate immunity that is operating in nearly all eukaryotic 
organisms, which involves recognition of PAMPs by PRRs (pattern recognition 
receptors). ETI is much more specific and is somewhat comparable to the 
sophisticated adaptive immune system present in higher eukaryotes like animals. ETI 
involves perception of effectors by R gene-encoded receptors or R proteins. 
Perception of effectors by R proteins can be either direct or indirect.  
NB-LRR-containing R proteins function as immune sensors. The LRR domain is used 
as a module for recognition, regulating protein activation and signal transduction. The 
LRR domain appears to be highly adjustable in diverse binding specificities to 
endogenous and exogenous molecules which are a requirement for successful 
resistance. In case of a pathogen attack, the cognate effector is recognized by the R 
protein, after which the NB domain functions as a switch for activation of host 
defenses, regularly resulting in an HR. Inappropriate R protein folding must be 
avoided and its activation must be tightly controlled, which involves intramolecular 
LRR interactions between the various domains such as the TIR domain or TIR and 
CC domains, and by hetero-multimeric protein complexes involving HSP90, RAR1 
and SGT1 (Takken and Tameling 2009). Plant R proteins act in multiprotein 
complexes and to date only a small number of interacting partners have been 
identified (Padmanabhan et al., 2009). Unraveling the action of the chaperone 
machinery has strongly increased our understanding of the mechanisms of pathogen 
recognition and signal transduction by NB-LRR proteins in both plants and animals.  
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5. General concepts: the Zig-Zag model 

For quite some time, plant pathogen researchers have pondered about the intrinsic 
functions of pathogen Avr factors. Indeed their sole function is very unlikely to be 
allowing the host to recognize the pathogen. In the late 1990s it was shown that Avr 
factors function as virulence factors in the absence of cognate R proteins. Many 
interact with host virulence targets in order to suppress basal defense, PTI or ETI in 
order to promote disease. Specific host R proteins often function as guards of these 
virulence targets and, upon modulation of a host virulence target by Avrs, a quick 
defense response is initiated often associated with an HR (Dangl and Jones, 2001; 
Dixon et al., 2000; Mackey et al., 2003). This scenario is very well explained by 
studying the Pst- A. thaliana interaction in great detail and has revealed that during 
evolution plant bacterial pathogens have developed various and sophisticated 
virulence factors (besides toxins, enzymes, hormones and polysaccharides) that are 
injected in the host by the TTSS. These virulence factors are employed for the 
suppression of plant immunity to enable the pathogen to stimulate, or sometimes 
force, the host to release nutrients into the apoplast. However, plants have evolved 
an efficient innate immune system enabling them to recognize, and defend 
themselves towards different types of bacterial and fungal pathogens. The co-
evolutionary model explaining host pathogen interactions at all levels is comprised in 
the so-called Zig-Zag model proposed by Jones and Dangl (2006) (Figure 2).  
 
In brief, microbes, including nonpathogenic ones, carry PAMPs or MAMPs that are 
recognized by the host surveillance system which consist of cell surface receptor 
proteins that activate a set of anti-pathogen defense mechanisms. Via mitogen-
activated protein kinases (MAPKs) and hormone signaling pathways this recognition 
leads to PAMP-triggered immunity (PTI) (Chisholm et al., 2006; Jones and Dangl, 
2006).  
Successful plant pathogens can breach PTI through secretion of specific effector 
molecules which enables them to colonize the host; this phenomenon is called ETS 
(effector-triggered susceptibility). Host plants have responded to ETS by the 
development, during co-evolution, of effector receptors or R proteins enabling them 
to respond to effectors by cognate R-mediated defense associated with an HR at the 
site of infection. In addition, effectors might undergo changes in order to escape 
recognition by their cognate resistance proteins leading to a continuous arms race 
between pathogen and host plant. This arms race between pathogen and host plant 
can continue for ages and has led to development of numerous effectors and as 
many cognate R proteins. Perception of effectors by R proteins can be either direct 
or indirect which, has also been the subject of my thesis with emphasis on the 
interaction of Cf-2 with Avr2 which requires the Rcr3 cysteine protease (Krüger et al., 
2002). 
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6. Outline of thesis 

As discussed above, the outcome of the interaction between many (hemi)biotrophic 
pathogens and their host plants has been defined by presence or absence of host R 
proteins and their cognate pathogen effectors. Usually pathogen effectors facilitate 
pathogen growth by means of suppression of host defenses and manipulation of host 
metabolism. This manipulation of the host leads to cognate R-mediated recognition 
and defense that enables the host to limit pathogen growth and eradicate the 
pathogen. This indirect recognition of a pathogen effector through its manipulation of 
the R protein-guarded virulence target is also known as the guard model which has 
been proposed initially by van der Biezen and Jones (1998) and reviewed by Dangl 
and Jones (2001) (Figure 2). This model is in contrast to direct interaction between 
effector and R protein, as initially was supposed to occur for all effector-R protein 
interactions, as deduced from Flor’s gene-for-gene hypothesis. In contrast to many 
other biotrophic fungal pathogens, C. fulvum is an extracellular fungal pathogen that 
thrives in the apoplastic space without producing haustoria in host cells to retrieve 
nutrients. This specific way of life of this pathogen of tomato has enabled us to 
isolate important host and fungal factors acting in this apoplastic arena. It has 
enabled us to isolate 10 fungal effectors, and for most of them cognate host R 
proteins have been identified as well.  
These effectors are thought to act in avoiding or suppressing basal host defense, and 
they are all small, and cysteine-rich proteins, but otherwise share no homology. They 
include Avr2, Avr4, Avr4E, Avr9, and six Ecps (extracellular proteins) that have been 
discussed before. An intrinsic function for two effectors has been described including 
Avr4, a chitin binding protein that protects the fungus against the deleterious effects 
of tomato chitinases, and Avr2 which is the subject of this PhD thesis.  
Chapter 1 presents an overview of well-studied gene-for-gene interactions and 
discusses direct and indirect interactions between pathogen effectors and cognate 
host resistance proteins (Figure 3). 
In Chapter 2 we describe the avirulence function of Avr2 in detail and show that this 
effector inhibits the cysteine protease Rcr3 (required for C. fulvum resistance) which 
triggers Cf-2-mediated defense responses including an HR. We also show that 
inhibition of Rcr3 is probably not crucial for triggering of Cf-2-mediated HR, as 
inhibition of Rcr3 by the irreversible cysteine protease inhibitor E-64 does not trigger 
Cf-2-mediated HR. Thus, in this chapter we have, for the first time, provided evidence 
for the existence of a virulence target of a fungal effector of which the modulation by 
the effector is sensed by the cognate R protein. As such it is the first evidence for the 
existence of the guard model in a fungal pathosystem. The physical interaction 
between the cysteine protease Rcr3 and the fungal effector Avr2 was studied in 
detail by cysteine protease activity profiling assay, using the biotinylated irreversible 
cysteine protease inhibitor E-64 (DCG-04). This assay could be used in vitro as well 
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as in planta showing that the interaction was biologically relevant. We could show the 
presence of the Avr2-Rcr3 complex by co-immunoprecitation assays. Biological 
relevance of Avr2 and Rcr3 in planta was also examined by injection of both proteins 
in Cf-2/rcr3 tomato leaves (lacking a functional Rcr3), showing that only these two 
proteins are responsible for activation of the Cf-2 resistance protein and no other 
Avr2-cysteine protease complexes.  
In Chapter 3, the intrinsic virulence function of Avr2 was studied. Detailed cysteine 
protease profiling revealed that Avr2 specifically interacts with several cysteine 
proteases including not only Rcr3 but also Pip1, aleurain and TDI65. Thus during 
infection Avr2 plays an offensive role in virulence by targeting and inhibiting host 
proteases that are important for host defense. Heterologous (over)expression of Avr2 
in tomato was found to promote colonization of race 2 C. fulvum strains, while 
silencing of Avr2 in a race 5 C. fulvum strain compromised virulence on tomato. 
Heterologous expression of Avr2 in A. thaliana enhanced susceptibility towards the 
fungal pathogens Botrytis cinerea and Plectosphaerella cucumerina. Furthermore 
cysteine protease profiling in A. thaliana revealed that Avr2 specifically inhibits 
certain families of extracellular A. thaliana cysteine proteases which correlates with 
the data obtained for tomato.  
Chapter 4 describes the C. fulvum Avr2 effector as a novel type of cysteine protease 
inhibitor and shows that the eight cysteines present in Avr2 are all involved in 
disulfide bonds. We produced wild type Avr2 protein in Pichia pastoris and 
determined its disulfide bond pattern. By site-directed mutagenesis of all eight 
cysteine amino acids we show that three of the four disulfide bonds are required for 
Avr2 stability. We show that the six C-terminal amino acids of Avr2 contain a disulfide 
bond that is not embedded in the overall Avr2 structure. We also show that Avr2 is 
not processed by the tomato cysteine protease Rcr3 and behaves as an 
uncompetitive inhibitor. Subsequently, we produced mutant Avr2 proteins in which 
selected amino acids were individually replaced by an alanine residue, or all six C-
terminal amino acids were deleted. Of these Avr2 mutants we determined their 
affinity (Ki) for Rcr3 and their ability to trigger a Cf-2-mediated HR in tomato. We 
found that the two C-terminal cysteine amino acids and the six amino acid C-terminal 
tail of Avr2 are required for Rcr3-inhibitory activity and the ability to trigger a Cf-2-
mediated HR. Overall, our data suggest that the affinity of the Avr2 mutants for Rcr3 
is positively correlated with their ability to trigger a Cf-2-mediated HR.  
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In Chapter 5 I discuss the results obtained in a broader perspective. I start with an 
overview of different plant cysteine proteases involved in plant development and 
plant defense. Also a summary of microbial pathogen cysteine proteases and 
cysteine protease inhibitors involved in host-pathogen interactions is provided. I then 
return to our own results and put them in a broader perspective by discussing them in 
relation to findings by other colleagues in recent years. I subsequently provide 
suggestions for future research on the Avr2-Rcr3-Cf-2 complex and its putative 
interacting proteins which compose the so-called resistasome. 
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Figure 1. Schematic representation of the bacterial type three secretion system (TTSS).   
Left; the TTSS pilus consists of a double bacterial membrane, which extends and passes the plant cell 
wall and plasma membrane. Effectors are delivered through the pilus from the bacterial cytoplasm to 
the host cytosol where they are often involved in suppression host plant defense. Right; the hrpA 
mutant of Pseudomonas syringae pv. tomato (Pst) expressing FLAG-HrpA showing the presence of 
Hrp-A in the pilus 18 hours after incubation in Hrp-inducing medium. Immuno-gold localization with 
anti-FLAG antibody shows that the TTSS pilus is nearly entirely composed of FLAG-HrpA (Li et al., 
2002). (Bar = 0.5 µm). 
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Figure 2:  The current model of the plant immune system: the Zig-Zag model  
(after Jones and Dangl, 2006). 
From left to the right: 
1. PTI (PAMP-triggered immunity) represents a basal host plant defense response mediated by PRRs 

(pathogen recognition receptors) after recognition of PAMPs (pattern-associated molecular 
patterns (    ).  

2. ETS (Effector-triggered susceptibility) describes the phenomenon where successful pathogens 
produce (secrete) effectors (      ) that can suppress or mitigate PTI. 

3. ETI (Effector-triggered immunity) describes the phenomenon where an effector of the pathogen 
(filled red circles) is recognized by a cognate R protein (               ) that subsequently mediates the 
induction of a defense response often involving a hypersensitive response (HR) at the site of the 
infection; the effector has now become an avirulence factor (Avr) 

4. This is the start of the so-called arms race between pathogen and plant that leads to adaptation of 
effectors that avoid recognition by cognate R proteins or acquiring new effectors (    ) that can 
suppress ETI; selection will drive to development of new R proteins(              ) to recognize newly 
acquired effectors resulting again in ETI. 
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Figure 3: Schematic overview of different types of direct and indirect interactions between 
bacterial and fungal effectors with their plant virulence targets and/or cognate R proteins. 
1. An example of extracellular LRR R protein such as tomato Cf-4 that is thought to interact directly 
with the cognate C. fulvum effector protein Avr4. 2. Examples of intracellular CC-NB-LRR type of R 
proteins (RPS2 and RPM1) that interact indirectly (through Rin4), with their cognate Pseudomonas 
syringae effector proteins AvrRpt2, AvrRpm1 or AvrB, respectively. 3. An example of direct interaction 
between an intracellular TIR-NB-LRR type of R protein (L6) of flax (Linum usitatissimum) with AvrL6 of 
the flax rust fungus (Melampsora lini). 4. An example of a nuclear TIR-NB-LRR type of R protein 
(RRS1-R) from Arabidopsis thaliana showing direct interaction with the Ralstonia solanacearum 
PopP2 effector that also requires vacuolar cysteine protease RD19.  
 
LRR: leucine-rich repeat     NB: Nucleotide Binding site 
CC: Coiled Coil      TIR: Toll and interleukin receptor 
WRKY: DNA binding motif containing Trp-Arg-Lys-Tyr residues 
P: Phosphorylation 
Avr4: Avirulence  protein 4 from C. fulvum  Cf-4: Resistance protein to C. fulvum 4 
AvrRpm1: Avirulence protein from  Pseudomonas  syringae pv. maculicola 1 
AvrRpt2: Avirulence protein from  Pseudomonas syringae pv. tomato 2 
AvrB: Avirulence protein B from Pseudomonas glycinea 
Rin4: Rpm1-interacting protein 4    NDR1: nonspecific disease resistance 1 
RPS2: Resistance protein against  Pseudomonas syringae 2   
RPM1: Resistance protein against Pseudomonas syringae pv. maculicola 1 
RAR1: Required for Mla12 resistance 1   HSP90: Heat shock protein 90   
SGT1: Suppressor of g2 allele of skp1   RD19: Responsive to dehydration-19 
AvrL6: Avirulence protein L6 from Melampsora lini L6: Resistance protein L6 
PopP2: Pseudomonas solanacearum outer protein P2 
RRS1-R: Resistance to Ralstonia solanacearum1- R 
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Abstract 

How plants recognize pathogens and activate defense is still mysterious. Direct 
interaction between pathogen avirulence (Avr) proteins and plant disease resistance 
(R) proteins is the exception rather than the rule. During infection, Cladosporium 
fulvum secretes Avr2 protein into the apoplast of tomato leaves and, in the presence 
of the extracellular LRR receptor-like Cf-2 protein, triggers a hypersensitive response 
(HR) that also requires the extracellular tomato cysteine protease Rcr3. We show 
here that Avr2 binds and inhibits Rcr3, and propose that the Rcr3-Avr2 complex 
enables the Cf-2 protein to activate an HR. 
 
 
Introduction 
Plant disease resistance (R) genes mediate race-specific recognition of pathogens 
via perception of avirulence (Avr) gene products (Flor, 1971). Tomato (Lycopersicon 
esculentum) Cf genes confer resistance to leaf mould caused by Cladosporium 
fulvum, and encode transmembrane receptorlike proteins (RLPs) with extracellular 
leucine-rich repeats (LRRs) that mediate recognition of fungal Avrs secreted during 
infection (Joosten and de Wit, 1999). Cf-dependent perception of Avrs activates plant 
defense, including the hypersensitive response (HR), which results in host cell death 
at the site of penetration and limits pathogen ingress (de Wit, 1977; Lazarovits and 
Higgins, 1976). How Cf proteins enable tomato to perceive Avrs is unknown. So far, 
no direct interaction between Cf proteins and Avr proteins has been detected 
(Luderer, 2001). So far, a direct interaction has only been demonstrated for two LRR-
containing R-Avr pairs (Deslandes, et al., 2003; Ron and Avni, 2004). The lack of a 
direct interaction led to the formulation of the guard hypothesis (van der Biezen and 
Jones, 1998; van der Hoorn, et al., 2002), proposing that Avrs are virulence factors 
that interact with host targets to facilitate pathogen growth in the host, and that R 
proteins monitor the status of these host targets (Chang, et al., 2004). Cf-2 confers 
resistance to C. fulvum in tomato (Dixon, et al., 1996) based on perception of Avr2, a 
cysteine-rich protein secreted by the fungus (Luderer, et al., 2002). Cf-2 function also 
requires Rcr3 (Dixon, et al., 2000), a secreted tomato cysteine protease (Krüger, et 
al. 2002), which is not required by other Cf genes, including the highly homologous 
Cf-5 gene (Dixon, et al., 2000; Krüger, et al. 2002). The L. esculentum allele encodes 
the Rcr3esc protein that weakly activates Cf-2-dependent HR in tomato leaves in 
absence of Avr2. The L. pimpinellifolium allele encodes Rcr3pim required for Cf-2 to 
confer an Avr2 response (Krüger, et al. 2002). We hypothesized that Rcr3 is a target 
of Avr2.  
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Results 
 
To test this hypothesis, we produced Rcr3 as a C-terminal 6xHistidine (His)- and 
haemagglutinin (HA)-tagged protein fusion (Rcr3-His-HA) both in Nicotiana 
benthamiana and in Pichia pastoris. Mature Rcr3 was recovered from intercellular 
fluid (IF) of N. benthamiana leaves using the tags on the fusion protein (Krüger, et al., 
2002).  
To monitor Rcr3 activity, we applied protease activity profiling at pH 5 using DCG-04, 
a biotinylated derivative of the irreversible cysteine protease inhibitor E-64, which has 
been used to profile cysteine protease activities from mammals (Greenbaum, et al., 
2000), insects (Kocks, et al., 2003), and plants (van der Hoorn, et al., 2004). DCG-04 
treatment leads to irreversible labelling of cysteine proteases with biotin. Labelling of 
Rcr3 with 220 nM DCG-04 was assayed in the presence or absence of different 
concentrations of E-64 as a competitive inhibitor. After reaction with DCG-04, Rcr3-
His-HA was pulled down using Ni-NTA (binding to His-tag) or streptavidin (binding to 
biotin) beads. In the absence of E-64, DCG-04 biotinylates Rcr3, confirming that Rcr3 
is a cysteine protease, whereas in the presence of 1140 nM E-64, Rcr3 is not 
biotinylated (Fig. 1A). 
We tested if Avr2 could inhibit biotinylation of Rcr3 by DCG-04. As a negative control 
C. fulvum Avr4, which triggers Cf-4-dependent HR (Joosten, et al., 1994), was 
included. Both Avrs were expressed in P. pastoris as N-terminal His-FLAGfusions 
and purified on a Ni-NTA column. In the presence of 140 nM Avr2, Rcr3 is not 
biotinylated (Fig. 1A) indicating that Avr2 inhibits Rcr3 activity (see fig. S1 for titration 
curve). In the presence of Avr4, Rcr3 is biotinylated, showing that inhibition of Rcr3 
by Avr2 is specific (Fig. 1A and fig. S1). 
Intercellular fluid (IF) obtained from tomato has a pH of approximately 5 (Grignon, et 
al.,1991).To investigate the pH-dependence of Rcr3 activity and its inhibition by Avr2, 
N. benthamiana IF containing Rcr3 was incubated with DCG-04 in the absence or 
presence of an excess of E-64 or Avr2 over a pH range of 4.5-6.5. Rcr3 activity is 
highest at pH 5-6, and strongly decreases outside this range (Fig. 1B). Inhibition by 
E-64 is effective over the whole pH range, whereas inhibition by Avr2 is only effective 
below pH 6 (Fig. 1B), indicating that the pH optimum for Rcr3 activity and its 
inhibition by Avr2 coincide with the pH of the apoplast of tomato (pH 5).  
Rcr3 produced as a C-terminal His-HA-fusion in P. pastoris is also inhibited by E-64 
and Avr2 (Fig. 1C), indicating that Avr2 alone is sufficient to inhibit Rcr3 and that no 
additional plant factors are required. No biotinylation by DCG-04 of other cysteine 
proteases was observed in control IF from N. benthamiana non-transgenic for Rcr3 
(Fig. 1A) or control culture supernatant (CS) from P. pastoris non-transgenic for Rcr3 
but expressing Ecp4, another protein secreted by C. fulvum (Laugé, et al., 2000) 
(Fig. 1C). This indicates that no endogenous extracellular cysteine proteases were 
biotinylated at the DCG-04 concentration used (220 nM).  
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Since Avr2 inhibits Rcr3, we expected a physical interaction between the two 
proteins. This was investigated by co-immunoprecipitation studies. His-FLAG-Avr2 or 
His-FLAG-Avr4 was added to N. benthamiana IF or culture supernatant (CS) of P. 
pastoris containing Rcr3-His-HA, and immunoprecipitated with a FLAG-specific 
antibody (α- FLAG). As a control, Rcr3-His-HA was also pre-incubated with E-64 to 
block the active site before adding His-FLAGAvr2. After immunoprecipitation, the 
samples were run on SDS gel, blotted and Avr proteins and Rcr3 were detected 
using α-FLAG and an Rcr3-specific antibody (α-Rcr3), respectively (Fig. 2). Rcr3 co-
immunoprecipitates with Avr2 but not with Avr4 (Fig. 2), indicating a specific 
interaction between Avr2 and Rcr3. Blocking the active site of Rcr3 eliminates this 
interaction (Fig. 2). In the presence of Avr2, α-FLAG co-immunoprecipitates Rcr3, 
irrespective of the source of Rcr3, again indicating that the interaction between Avr2 
and Rcr3 is independent of additional plant factors (Fig. 2). No signals were detected 
on blots probed with α-Rcr3 after immunoprecipitation of proteins from control N. 
benthamiana IF (marked pBin19; Fig. 2) or control CS of P. pastoris non-transgenic 
for Rcr3 (marked Ecp4; Fig. 2), indicating that α-Rcr3 is specific.  
We tested whether native Rcr3 in tomato IF can be detected and inhibited by E-64 
and Avr2. Six ml of IF from different Cf tomato plants producing Rcr3 were brought to 
2.2 μM DCG-04 in the presence or absence of E-64 (28.6 μM) or Avr2 (6.9 μM). 
Biotinylated proteins were selected with streptavidin beads, run on an SDS gel and 
probed with α-Rcr3 or streptavidin-HRP (fig. S2). Native Rcr3 is detected by α-Rcr3 
in Cf0 and Cf2 tomato lines, and its biotinylation by DCG-04 is inhibited by Avr2, 
whereas in Cf-2/rcr3-3 plants (Dixon, et al., 2000; Krüger, et al., 2002) Rcr3 is absent 
(fig. S2; upper panel). In addition to Rcr3, several other apoplastic cysteine proteases 
are biotinylated that can be inhibited by Avr2 (fig. S2; lower panel). 
To determine whether inhibition of Rcr3 by Avr2 is sufficient to trigger Cf-2-
dependent HR, Rcr3 produced in N. benthamiana, either alone or in combination with 
Avr2, E-64 or E-64 and Avr2, or Avr2 alone, was infiltrated into Cf- 2/rcr3-3 tomato 
leaves (Fig. 3). Infiltration of Avr2 or Rcr3 alone, or Rcr3 incubated with E-64 does 
not trigger an HR, whereas infiltration of Rcr3 incubated with Avr2 does. However, 
Rcr3 pre-incubated with an excess of E-64 to saturate the active site, and 
subsequently incubated with Avr2, does not trigger Cf-2-mediated HR. Similar results 
were obtained with P. pastoris-produced Rcr3 pre-treated with the same compounds 
(results not shown).  
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In summary, Avr2 inhibits tomato Rcr3 in a pH-dependent fashion. Avr2 binds to Rcr3 
produced in N. benthamiana or P. pastoris, showing that no additional plant factors 
are required for binding and inhibition. Native tomato Rcr3 is detected by α-Rcr3 and 
inhibited by Avr2. In addition, other native tomato cysteine proteases are inhibited by 
Avr2. Finally, co-infiltration of Rcr3 pre-incubated with E-64 and Avr2 blocks Cf-2-
dependent HR in Cf-2/rcr3-3 tomato, demonstrating that the Rcr3-Avr2 complex is 
required for the initiation of the HR.  
Inhibition of Rcr3 activity by Avr2 could either be due to Avr2 acting solely as an 
inhibitor of Rcr3, or Avr2 being both a substrate and an inhibitor. However, we 
observed no degradation of Avr2 upon incubation with Rcr3 (Fig. 2), suggesting that 
Avr2 is not a substrate for Rcr3. Furthermore, if processing of Avr2 by Rcr3 were 
required for Cf-2- mediated HR, then Avr2 present in IF from Cf0 tomato plants 
(containing Rcr3), infected by Avr2-producing C. fulvum strains, would induce an HR 
in Cf-2/rcr3-3 tomato. This was not observed (results not shown), indicating that Avr2 
is an inhibitor, not a substrate, of Rcr3. However, inhibition of Rcr3 activity is not 
sufficient to initiate Cf-2-mediated HR (Fig. 3). Therefore we propose that inhibition of 
Rcr3 by Avr2 induces a conformational change of Rcr3 that triggers the Cf-2 protein 
to activate HR. This model is consistent with the observation that the Rcr3esc protein 
alone provokes a weak Cf-2-dependent, Avr2-independent HR (Krüger, et al., 2002). 
We suggest that Rcr3esc, which differs from Rcr3pim in one amino acid deletion and 
six amino acid changes, constitutively mimics the conformational change imposed on 
Rcr3pim (present in Cf-2 plants) by Avr2 binding, and weakly activates Cf-2-
dependent HR in absence of Avr2. The role of Rcr3 cysteine protease activity for 
tomato and the importance of its inhibition by Avr2 for C. fulvum during infection are 
unknown, but possibly secreted plant cysteine proteases have anti-microbial activity. 
Rcr3 transcription is induced faster and transcripts accumulate to higher levels in 
incompatible compared to compatible interactions between tomato and C. fulvum 
(Krüger, et al., 2002), as do transcripts for pathogenesisrelated proteins after 
infection by this fungus (van Kan, et al., 1992). Rcr3 is also induced in the absence of 
Cf-2, consistent with a role for Rcr3 in basal host defense (Krüger, et al., 2002). 
Furthermore, in addition to Rcr3, several other apoplastic cysteine proteases are 
inhibited by Avr2 suggesting that Avr2 is a general virulence factor facilitating growth 
of C. fulvum in the apoplast.  
Recently, it has been shown that a protease inhibitor from Phytophthora infestans 
interacts with and inhibits the plant serine protease P69B, which is induced during 
infection of tomato by this pathogen (Tian, et al., 2004). Thus, inhibition of plant 
proteases may represent a general counter-defense employed by invading 
pathogens. The role of Rcr3 in the perception of Avr2 by Cf-2 is consistent with the 
guard hypothesis. The Rcr3-Avr2 complex, but not other Avr2-cysteine protease 
complexes, activates Cf-2. So far, all bacterial pathogens colonizing the apoplast of 
plants deliver their effector proteins into the plant cell by the type-III secretion system 
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where they interact with cytoplasmic virulence targets (Chang, et al., 2004; Axtell, et 
al., 2003a; Axtell, et al., 2003b; Mackey, et al., 2002;  Mackey, et al., 2003). In the 
case of RPM1- and RPS2-mediated resistance in Arabidopsis, the action of the Avr 
proteins AvrB, AvrRpm1 and AvrRpt2 on the “guardee” RIN4 is thought to trigger the 
activation of the RPM1 or RPS2 proteins (Axtell, et al., 2003a; Axtell, et al., 2003b; 
Mackey, et al., 2002;  Mackey, et al., 2003). Similarly, in RPS5- mediated resistance 
in Arabidopsis the cysteine protease activity of the Avr protein, AvrPphB, on the 
guardee PBS1 is required to trigger the HR (Shao, et al., 2003). Such indirect 
interactions between pathogen Avrs and plant R proteins may be more difficult for the 
pathogen to circumvent without a virulence penalty than direct interactions (van der 
Biezen and Jones, 1998; van der Hoorn, et al., 2002). In addition to Rcr3, other 
tomato cysteine proteases are inhibited by Avr2 that are not guarded by known Cf 
proteins. Characterization and functional analysis of these proteases will be subject 
of future studies.  
 



- 41 - 

 

Notes 
We thank M.A. Leeuwenburgh, Leiden University, NL, and M. Bogyo, Stanford 
University, USA, for providing DCG-04, Julia Krüger for discussing the initial set-up of 
experiments, and B.P.H.J. Thomma for critically reading the manuscript; M.H.A.J. 
Joosten and R.A.L. van der Hoorn were supported by a Vidi and Veni grant, 
respectively, from the Netherlands Organization for Earth and Life Sciences (ALW-
NWO). P.J.G.M de Wit was supported by the Center for Biosystems Genomics 
(CBSG). J.D.G. Jones was supported at the Sainsbury Laboratory by the Gatsby 
Foundation, which also supported the Sainsbury Studentship of H Rooney. 
  



- 42 - 

 

 
Figures and figure legends 
A 

 
B 

 
 
C 

 

 
 

Ni-NTA pull-down 

Streptavidin-HRP 

α-HA-HRP 

CS of P. pastoris 

Rcr3 Ecp4 

Streptavidin pull-down 

Rcr3 Ecp4 

Avr4 Avr2 E-64 E-64 E-64 E-64 Avr4 Avr2 

25kD 

25kD 

pH 4.5 

IF of N. benthamiana 

Ni-NTA pull-down 

Rcr3

Streptavidin-HRP 

Avr2 E-64 

pH 5.0 

pH 5.5 

pH 6.0 

pH 6.5 

Streptavidin-HRP 

α-HIS 

IF of N. benthamiana 

Rcr3 

Avr2 E-64 

pBin19 

Ni-NTA pull-down Streptavidin pull-down 

Rcr3 pBin19 

25kD 

25kD 

E-64 E-64 E-64 Avr4 Avr2 Avr4 



- 43 - 

 

 
Fig. 1. The Rcr3 cysteine protease of tomato is inhibited by Avr2 of C. fulvum. 
 (A) Inhibition of Rcr3 produced in Nicotiana benthamiana by Avr2. Intercellular fluid (IF) was isolated 
from N. benthamiana expressing either the empty vector (pBin19) or Rcr3-His-HA (Rcr3). Protease 
activity profiling with 220 nM DCG-04 was performed in the absence of inhibitor (-), or in the presence 
of E-64, His-FLAG-Avr2 (Avr2) or His-FLAG-Avr4 (Avr4). Rcr3-His-HA was pulled down by Ni-NTA 
beads (left panels) or by streptavidin beads (right panels), electrophoresed on an SDS gel and 
immunodetected with streptavidin-HRP or His-specific antibodies (α- His). Detection with streptavidin-
HRP reveals that Rcr3 is not biotinylated in the presence of E-64 or Avr2, whereas biotinylation of 
Rcr3 occurs without inhibitor or with Avr4, indicating that like E-64, Avr2 inhibits Rcr3 cysteine 
protease activity. α-His always detects Ni-NTA-pulled down Rcr3-His-HA irrespective of whether Rcr3 
is inhibited or not (left panels), whereas α-His only detects biotinylated Rcr3-His-HA when Rcr3 is not 
inhibited by E-64 or Avr2 (right panels marked – and Avr4). No cysteine proteases are biotinylated in 
the empty vector control (pBin19). (B) Inhibition of Rcr3 by Avr2 is pH-dependent. IF from N. 
benthamiana containing Rcr3-His-HA was profiled with 220 nM DCG-04 in the absence of inhibitor (-), 
and in the presence of E-64 (1120 nM) or Avr2 (140 nM), over a pH range from 4.5 to 6.5. Rcr3-His-
HA was pulled down by Ni-NTA beads and immunodetected with streptavidin-HRP to demonstrate 
biotinylation. Rcr3 is biotinylated in the absence of inhibitor (-), with highest levels of biotinylation 
between pH 5.0 and 6.0. Inhibition of biotinylation of Rcr3 by E-64 is complete at all pH values, 
whereas inhibition by Avr2 decreases at pH values above 6.0. (C) Inhibition of Rcr3 produced in Pichia 
pastoris by Avr2. Culture supernatant (CS) was isolated from P. pastoris cultures expressing either 
His-FLAG-Ecp4 (Ecp4) or Rcr3-His-HA (Rcr3) and protease activity was profiled with 220 nM DCG-04 
in the absence of inhibitor (-), in the presence of E-64 , His-FLAG-Avr2 (Avr2) or His-FLAG-Avr4 
(Avr4). Subsequently, Rcr3 was pulled down by Ni-NTA beads (left panels) or by streptavidin beads 
(right panels), electrophoresed on an SDS gel and immuno-detected with streptavidin-HRP or HA-
specific antibodies (α-HA-HRP). Detection with streptavidin- HRP reveals that in the presence of E-64 
or Avr2, Rcr3 is not biotinylated, whereas biotinylation of Rcr3 occurs in the absence of inhibitor or in 
the presence of Avr4, indicating that similar to E-64, Avr2 inhibits Rcr3 cysteine protease produced in 
P. pastoris as does Rcr3 produced in N. benthamiana.  
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Fig. 2. Rcr3 and Avr2 physically interact.  
Rcr3-His-HA (Rcr3) was incubated with His-FLAG-Avr2 (Avr2), with or without pre-treatment with E-
64, or His-FLAG-Avr4 (Avr4) and then immuno-precipitated with FLAG-specific antibody (α-FLAG). IF 
from N. benthamiana expressing either the empty vector (pBin19) or Rcr3, or CS from P. pastoris 
expressing either His-FLAG-Ecp4 (Ecp4) or Rcr3, was incubated without inhibitor (-) or with an excess 
of E-64 before adding Avr2 or Avr4. After immuno-precipitation with α-FLAG beads, the Avr proteins 
were detected with α-FLAG, whereas co-immunoprecipitated Rcr3 was detected with α-Rcr3. Rcr3 is 
only co-immunoprecipitated in the presence of Avr2 without pre-incubation with E-64.  
 

 

Fig. 3. Cf-2-mediated HR requires physical interaction between Rcr3 and Avr2.  
Fully expanded leaves of 5-week-old Cf-2/rcr3-3 tomato were infiltrated with Rcr3-His-HA (Rcr3), 
produced in N. benthamiana, either alone or in combination with His-FLAG-Avr2 (Avr2), E-64 or E-64 
and Avr2, or infiltrated with Avr2 alone. Leaves were photographed 3 days post infiltration. The 
infiltrated sectors are outlined and the infiltrated compounds indicated. The HR is only triggered when 
Rcr3 and Avr2 can interact, whereas the HR is blocked when interaction of Rcr3 with Avr2 is 
prevented by preincubation of Rcr3 with E-64. Rcr3 produced in P. pastoris treated with the same 
compounds gave similar results (not shown). 
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Materials and Methods 
 
Plasmid constructs.  
Throughout this study Rcr3 from Lycopersicon esculentum (Rcr3pim) was used. The 
plasmids pMWBin19:Rcr3pim-His-HA and pMWBin19 for transient expression in 
Nicotiana benthamiana are as described by Krüger et al., (2002). Plasmids for 
expression in Pichia pastoris were generated as follows. Vector pPIC-9 (Invitrogen) 
was modified by inserting an adaptor,which encodes a Histidine tag (6x His) and 
contains SmaI, ApaI and SacII restriction sites, by ligating oligomers His-F and His-R 
(Table S1), into pPIG-9 using  SnaBI restriction enzyme, resulting in vector pPIC-
9His. To create His-FLAG-tagged Avr2, Avr2 was amplified from cDNA using primers 
Avr2-N and Avr2-C (Table S1) and cloned into pPIC-9His using SmaI and EcoRI 
restriction sites, resulting in plasmid pPIC-9His:FLAG-Avr2. The same strategy was 
followed to produce plasmids pPIC-9His:FLAG-Avr4 and pPIC-9His:FLAG-Ecp4, 
using primerpair Avr4-N and Avr4-C (Table S1) on Avr4 cDNA, and primerpair Ecp4-
N and Ecp4-C (Table S1) on Ecp4 cDNA, respectively. To generate Rcr3-His-HA-
tagged versions of Rcr3, Rcr3 was amplified from pMWBin19:Rcr3-His-HA (Krüger, 
et al. 2002) using primers Rcr3-N-Pro and Rcr3-Not-C (Table S1) and cloned into 
pPIC-9His using XhoI and NotI restriction sites, resulting in pPIC-9:Rcr3-His-HA.  
 
Plant material 
Nicotiana benthamiana and tomato (Lycopersicon esculentum) lines MoneyMaker 
(MM) Cf0, Cf2 and Cf2/rcr3-3 were grown under standard greenhouse conditions 
with supplemental light (16hrs/day). Agroinfiltration was performed as described by 
Krüger, et al., (2002). Intercellular fluid (IF) was isolated by vacuum-infiltrating leaves 
with 50 mM NaH2PO4, 300 mM NaCl, pH 7.0, as described previously (de Wit and 
Spikman, 1982). 
 
Protein expression 
Pichia pastoris strain GS115 (Invitrogen) was transformed with SalI-linearised pPIC-
9His-derived plasmids (described above).  Transformants were grown in BMMY 
medium (1% yeast extract, 2% peptone, 1.34% yeast nitrogen base, 1% methanol, 
100mM K H2PO4, pH 6.0) daily supplemented with methanol to a final concentration 
of 1% (v/v). After removing cells by centrifugation, proteins in the culture supernatant 
(CS) were separated on Tricine SDS-PAGE (Schägger and Von Jagow, 1987), and 
stained with Coomassie Brilliant Blue or analyzed on Western blots, using antibodies 
against the various tagged proteins. Transformants expressing significant amounts of 
the different  proteins were selected for fermentation. Fermentation was performed 
as previously described (van den Burg, et al., 2001). CS containing His-FLAG-Avr2, 
His-FLAG-Avr4 or His-FLAG-Ecp4 was concentrated on a YM03 filter (Amicon 
Ultrafiltration cell, model 402), and dialysed (Mw cut–off 3kD) overnight at 4°C to 50 
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mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0. The tagged proteins were 
subsequently purified on a Ni-NTA Superflow column (Qiagen; 30430) according to 
the manufacturer’s protocol. The eluate fractions containing pure protein were pooled 
and dialysed to milli-Q water. Protein concentrations were determined by the BCA 
protein assay (Pierce). Proteins were tested for their HR-inducing activity by injection 
into leaves of tomato plants carrying the corresponding Cf genes. Production of Rcr3-
His-HA by P. pastoris was checked by SDS-PAGE, Western blotting with -HA-HRP, 
and protease activity profiling DCG-04 (see below). 
 
Protease activity profiling 
Protease activity profiling with DCG-04 was performed as previously described (S4, 
van der Hoorn, et al., 2004). Briefly, IF of leaves of N. benthamiana or CS of P. 
pastoris, was diluted 10 fold in DCG-04 assay buffer (50 mM NaAc, 10 mM L-
cysteine, pH 5.0) to a final volume of 500 µl,  DCG-04 (220 nM final concentration) 
was added and the reaction mixture was incubated at room temperature for 5 hrs.   
Proteins were precipitated by adding 1 ml of ice-cold acetone, washed with 70% (v/v) 
acetone and subsequently dissolved in 500 µl TBS buffer (50 mM Tris/HCI, 150 mM 
NaCI, pH 7.5). Biotinylated Rcr3-His-HA protein was affinity-purified on magnetic 
streptavidin beads (Promega) or on magnetic Ni-NTA beads (Qiagen) by incubating 
for 16 hrs at 4°C. Proteins were eluted from the beads by boiling in SDS sample 
buffer and analysed by SDS-PAGE and Western blotting. In inhibition studies of Rcr3 
activity, the cysteine protease inhibitor E-64 and His-FLAG-Avr2 were tested for their 
ability to compete with DCG-04 (200 nM final concentration) for binding to Rcr3 at 
final concentrations of  35 nM, 70 nM, 140nM, 280 nM, 560 nM, 1120, nM and 2240 
nM, respectively. The results are shown in Figure S1. From this Figure it is clear that 
DCG-04 can be fully displaced from Rcr3 by 1120 nM E-64 and 140 nM His-FLAG-
Avr2, respectively. 
 
Co-immunoprecipitation (Co-IP) 
50 µl IF from N. benthamiana with or without Rcr3-His-HA was added to 450 µl Co-IP 
buffer (50 mM NaAc, 150 mM NaCl, 10 mM L-cysteine, pH 5.0) and mixed with either 
His-FLAG-Avr2 or His-FLAG-Avr4 (2,4 µM  final concentration). To block the active 
site, Rcr3 was pre-incubated with E-64 (40 µM final concentration) for 20 min at room 
temperature before adding His-FLAG-Avr2. Samples were incubated overnight with 
20 µl pre-equilibrated EZview α-FLAG M2 agarose beads (Sigma) at 4°C on a rotary 
shaker (15 rpm).  The resin was subsequently collected by centrifugation at 3,000 g 
and washed in 1 ml Co-IP buffer. The bound proteins were eluted by Co-IP buffer 
containing 300 ng 3*FLAG peptide/µl (Sigma) and separated by SDS-PAGE. When 
CS from P. pastoris was used, NaCl was omitted from the Co-IP buffer and CS 
containing His-FLAG-Ecp4 was used as a negative control. 
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Induction of HR. 
To 500 µl of IF from N. benthamiana or CS of P. pastoris expressing Rcr3-His-HA, 
150 µl of DMSO or 150 µl of E-64 (2.3mM) in DMSO was added, and the mixtures 
were incubated for 5 hrs at room temperature. Subsequently, the samples were 
dialysed (Mw cut-off 3.5 kD) to milli-Q water and divided into two aliquots of 300 µl. 
To one aliquot 6 µl of Milli-Q water was added and to the other 6µl of His-FLAG-Avr2 
(4.7µM). This resulted in four different samples: Rcr3, Rcr3+Avr2, Rcr3+E-64 or 
Rcr3+E-64+Avr2. In addition, samples of P. pastoris-produced His-FLAG-Avr2 or IF 
isolated from MM-Cf0 plants inoculated with race 5 of C. fulvum (containing Avr2) 
were used as controls. Each sample was injected in leaflets of Cf-2/rcr3-3 tomato 
plants and HR was scored at three days after injection.  
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2. Supplementary Tables. 

Table S1. Oligonucleotide primers. 

Code  Sequence Comment 

His-F GTACATCATCATCATCATCATCCCGGGCCCGCGG* Forward adaptor His tag and  
sites for SmaI, ApaI and SacII.  
 

His-R CCGCGGGCCCGGGATGATGATGATGATGATGTAC Reverse adaptor His tag and 
sites for SmaI, ApaI and SacII. 
 

Avr2-N GACTACAAGGACGACGATGACAAGGCCAAAAAACTACCTGGCTG 
 

 FLAG-tag at 5’ end of Avr2. 

Avr2-C CGCGAATTCTACGTATCATCAACCGCAAAGACCAAAACAG 
 

 EcoRI site at 3’end of Avr2.  

Avr4-N GACTACAAGGACGACGATGACAAGAAGGCCCCCAAAACTCAACC  FLAG-tag at 5’end of Avr4. 

Avr4-C CGCGAATTCTACGTATCATTGCGGCGTCTTTACCGGACACG  EcoRI site at 3’end of Avr4. 

Ecp4-N GACTACAAGGACGACGATGACAAGGACCCTTCCTTCCGCTTCAG  FLAG-tag at 5’end of Ecp4. 

Ecp4-C CGCGAATTCTACGTATCATTACGGGCAAGTGACCTG  EcoRI site at 3’end of Ecp4. 

Rcr3-N-Pro CCGCTCGAGAAAAGAGAGGCTGAAGCTGGAAGCCAGCCAAAAC 

TGTCC 

 XhoI site at 5’end of Rcr3.  

Rcr3-Not-C TTTTCCTTTTGCGGCCGCCTATGCTATGTTTGGATAAGAAGACATC 
TTTGCG 

 NotI site at 3’end of Rcr3 

*The sequences in bold correspond to restriction sites  

 

Table S2. Antibodies used in this study. 

 
Antibody Source Dilution Comment 
α-His Roche  1:500 Rcr3 detection 
α-HA-HRP Roche 1:1,000 Rcr3 detection 
α-FLAG-M2  Sigma 1:3,000 Avr2 and Avr4 detection 
α-FLAG-M2- biotinylated. Sigma 1:1,000 Avr2 and Avr4 detection 
Streptavidin-HRP Sigma 1:3,000 Detection of biotinylated 

proteins 
α-Mouse-HRP Sigma 1:5,000 Secondary antibody   

for α-His 
α-Rcr3 a Eurogentec 1:2,000 Rcr3 detection 

 

 

a α-Rcr3 was raised against peptide sequence 207-221 of Rcr3pim by Eurogentec (Belgium) following 
standard procedures. 
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Figure S1. Abilities of Avr2 and E-64 to compete with DCG-04 for the active site of Rcr3-His-HA 
produced in Pichia pastoris. 
Culture supernatant (CS) was isolated from a P. pastoris culture expressing Rcr3-His-HA (Rcr3) and 
was diluted 10-fold in protease assay buffer (endvolume 500 μl). The protease activity profiling was 
performed with DCG-04 at a constant concentration of 220 nM, in the presence of varying 
concentrations of the protease inhibitors E-64 or Avr2 (70 nM, 140 nM, 280 nM, 560 nM, 1120 nM and 
2240 nM, respectively). As a negative control Avr4 was used in concentrations 140 nM and 14000 nM, 
respectively. Subsequently, biotinylated Rcr3 was pulled down by streptavidin beads, electrophoresed 
on an SDS gel and immuno-detected by streptavidin-HRP.  
Note that eight times less Avr2 than E-64 is required to displace DCG-04 from Rcr3 completely. 
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Figure S2. Activity profiling of native cysteine proteases present in IF of different tomato lines. 

Six ml IF from Cf-0, Cf-2 and Cf-2/rcr3-3 tomato lines was subjected to protease activity profiling with 
DCG-04 (2.2 μM final concentration) in the absence of cysteine protease inhibitor (-), or  in the 
presence of E-64 (28.6 μM final concentration) or Avr2 (6,9 μM final concentration). Subsequently 
biotinylated cysteine proteases were selected with streptavidin beads, electrophoresed on SDS gel, 
blotted onto nitrocellulose filters and probed with Rcr3-specific antibody (α-Rcr3) (upper panel). Note 
that Rcr3 is present in IF of Cf-0 and Cf-2 plants and its biotinylation is inhibited by both E-64 and 
Avr2. Rcr3 is absent in Cf-2/rcr3-3 tomato. The lower protein band is Rcr3, the upper band recognized 
by α-Rcr3 is not a cysteine protease but likely a contamination with apoplastic acidic chitinase which 
cross-reacts with α-Rcr3 (results not shown). The western blot presented in the upper panel was 
stripped and re-probed with streptavidin-HRP (lower panel). Note that many cysteine proteases are 
labeled with biotin by DCG-04 in absence of  cysteine protease inhibitor (-), whereas biotinylation is 
strongly inhibited in the presence of  E-64 or Avr2. 
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Synopsis: 
The fungus Cladosporium fulvum secretes the effector protein Avr2 during infection of tomato. This 
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species and, with RNAi-mediated gene silencing in C. fulvum, we show that Avr2 is a genuine 
virulence factor.  
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ABSTRACT 
Cladosporium fulvum (syn. Passalora fulva) is a biotrophic fungal pathogen that 
causes leaf mold of tomato. During growth in the apoplast, the fungus establishes 
disease by secreting effector proteins, ten of which have been characterized.  We 
have previously shown that the Avr2 effector interacts with the apoplastic tomato 
cysteine protease Rcr3, which is required for Cf-2-mediated immunity. We now show 
that Avr2 is a genuine virulence factor of C. fulvum. Heterologous expression of Avr2 
in Arabidopsis thaliana causes enhanced susceptibility towards extracellular fungal 
pathogens including Botrytis cinerea and Verticillium dahliae, and microarray analysis 
showed that Avr2 expression triggers a global transcriptome reflecting pathogen 
challenge. Cysteine protease activity profiling showed that Avr2 inhibits multiple 
extracellular Arabidopsis cysteine proteases. In tomato, Avr2 expression caused 
enhanced susceptibility towards Avr2-defective C. fulvum strains, and also towards 
B. cinerea and V. dahliae. Cysteine protease activity profiling in tomato revealed that, 
in this plant also, Avr2 inhibits multiple extracellular cysteine proteases, including 
Rcr3 and its close relative Pip1. Finally, silencing of Avr2 significantly compromised 
C. fulvum virulence on tomato. We conclude that Avr2 is a genuine virulence factor of 
C. fulvum that inhibits several cysteine proteases required for plant basal defense. 
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INTRODUCTION 
Cladosporium fulvum (syn. Passalora fulva) is a biotrophic fungal pathogen that 
causes leaf mold of tomato (Solanum esculentum) (Joosten and de Wit, 1999; 
Thomma et al., 2005). Similar to other plant pathogenic Mycosphaerellaceae, host 
colonization is characterized by strict extracellular growth in the apoplastic space 
surrounding the leaf mesophyll without formation of haustoria  (Bond 1938; 
Lazarovits and Higgins 1976; de Wit 1977; Thomma et al., 2005). Ten C. fulvum 
effector proteins secreted during host colonization have been characterized, the 
highest number for any filamentous plant pathogen studied so far (Thomma et al., 
2005). Four of these effectors are race-specific avirulence proteins (Avr2, Avr4, 
Avr4E and Avr9), and six are extra-cellular proteins (Ecp1, Ecp2, Ecp4, Ecp5, Ecp6 
and Ecp7), and all of the corresponding genes have been cloned (van Kan et al., 
1991; van den Ackerveken et al., 1993; Joosten et al., 1994; Laugé et al., 2000; 
Luderer et al., 2002; Westerink et al., 2004; Bolton et al., 2008). Race-specific 
resistance against C. fulvum in tomato is governed in a gene-for-gene manner by 
dominant C. fulvum (Cf) resistance genes that mediate activation of a defense 
cascade, culminating in a hypersensitive response (HR) and host immunity (Joosten 
and de Wit, 1999; Rivas and Thomas, 2005). It has recently been demonstrated that 
the C. fulvum effector protein Avr4 (Joosten et al., 1994) contributes to full virulence 
by protecting fungal hyphae against hydrolysis by plant chitinases (van den Burg et 
al., 2006; van Esse et al., 2007). In addition, a putative intrinsic function was 
assigned to the Avr2 effector. In the incompatible interaction, Avr2 was shown to 
physically interact with, and inhibit, the extracellular papain-like cysteine protease 
Rcr3 (required for C. fulvum resistance; Krüger et al., 2002) which, in resistant 
tomato varieties, is guarded by the extracellular membrane-anchored resistance 
protein Cf-2 (Rooney et al., 2005). Interestingly, the Rcr3esc variant that occurs in S. 
esculentum is a functional cysteine protease with a mutation outside the active centre 
of the enzyme that causes chronic necrosis in mature tomato plants carrying Cf-2 
(Krüger et al., 2002; Rooney et al., 2005). Thus, binding of Avr2 results in a 
conformational change of Rcr3 which is monitored by the Cf-2 protein, resulting in 
HR and resistance against C. fulvum isolates that produce wild-type Avr2 (Rooney et 
al., 2005).  
Pathogens and their hosts use both proteases and protease inhibitors during their 
interactions to combat each other (van der Hoorn, 2008). Based on catalytic activity, 
the proteases are classified as aspartic, cysteine, metallo-, serine, and threonine 
proteases (Rawlings et al., 2006). These main classes have been further subdivided 
into clans and families based on evolutionary relationships. In the Arabidopsis 
genome, over 800 protease genes have been identified, of which approximately 140 
are cysteine proteases including roughly 40 papain-like proteases (van der Hoorn, 
2008). Several cysteine proteases have been demonstrated to play a role in 
programmed cell death-like responses, including pathogen-triggered HR (Beers et 
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al., 2000; Rojo et al., 2004; Suarez et al., 2004; Bozhkov et al., 2005; Kuroyanagi et 
al., 2005; Rooney et al., 2005; Hatsugai et al., 2006; Gilroy et al., 2007; Mur et al., 
2007). Similar to Avr2, a number of secreted effector proteins with protease-inhibitory 
activity in tomato have been identified from the oomycete pathogen Phytophthora 
infestans (Tian et al., 2004; 2005; 2007). For example, a Kazal-like serine protease 
inhibitor targets the extracellular subtilisin-like protease P69B (Tian et al., 2004), and 
the cysteine protease inhibitor EPIC2, although structurally unrelated to Avr2, targets 
the Rcr3-like cysteine protease Pip1 (Phytophthora-inhibited protease; Tian et al., 
2007). It is tempting to speculate that protease inhibitors such as C. fulvum Avr2 and 
P. infestans EPIC2 inactivate basal host defense by suppressing host protease 
activity, but so far it has not been demonstrated that these protease inhibitors 
genuinely contribute to pathogen virulence or that the targeted plant proteases are 
required for basal host defense. 
In this study, we show that expression of C. fulvum Avr2 in both Arabidopsis and 
tomato enhances susceptibility towards a number of fungal pathogens, including race 
2 strains of C. fulvum that lack functional Avr2. Transcriptome analysis in Arabidopsis 
was employed to demonstrate that Avr2 does not merely disrupt normal host 
physiology, but triggers a global transcriptional reprogramming that reflects a typical 
host response to pathogen attack. Protease activity profiling was used to identify 
multiple host proteases in Arabidopsis and tomato that are inhibited by Avr2. Finally, 
we demonstrate with RNAi-mediated gene silencing that Avr2 contributes to C. 
fulvum virulence. Overall, the results of this study demonstrate that Avr2 is a genuine 
virulence factor of C. fulvum that inhibits a set of cysteine proteases that may be 
 essential for basal host defense.
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RESULTS 
 
Heterologous Expression of C. fulvum Avr2 in Arabidopsis Enhances 
Susceptibility Towards Distinct Fungal Pathogens 
Basal defense against microbial pathogens is well characterized in the model plant 
Arabidopsis (Thomma et al., 2001). To assess whether any of the C. fulvum effector 
proteins targets conserved basal defense responses, transgenic Arabidopsis lines in 
the wild type Col-0 were generated that constitutively produce individual C. fulvum 
effector proteins. After segregation analyses, several independent homozygous 
single-integration lines were obtained for the C. fulvum effector genes Avr2, Avr4, 
Avr4E, Avr9, Ecp2, Ecp4 or Ecp5. In a screen for attenuated basal defense, for each 
individual effector molecule three randomly chosen lines were challenged with the 
fungal pathogen Botrytis cinerea (Thomma et al., 1998; 1999a). In addition to 
increased susceptibility in the lines that express Avr4 (van Esse et al., 2007), lines 
expressing Avr2 also showed significantly enhanced grey mould disease, while 
transformants expressing any of the remaining effectors did not show clear 
alterations in disease susceptibility. As a result, the Avr2-expressing Arabidopsis 
lines were subjected to further analysis.  
To select lines with the highest level of Avr2-production, total protein extracts were 
screened in western analyses using Avr2-specific polyclonal antibodies (van Esse et 
al., 2006). Three lines with the highest levels of Avr2 production were retained for 
further analyses (At-Avr2-A to -C, collectively called At-Avr2 lines). When grown 
under standard greenhouse or climate chamber conditions, the At-Avr2 lines did not 
show macroscopically visible phenotypic anomalies (Supplemental Figure 1A, B 
online).  To confirm the presence of biologically active Avr2 in the apoplast of these 
transgenic lines, apoplastic fluid from At-Avr2 lines was injected into leaves of a 
tomato Cf-2 plant which resulted in a typical HR, while injection of apoplastic fluid 
from progenitor wild-type Col-0 plants showed only slight non-specific chlorosis 
(Supplemental Figure 1C online). Subsequently, the At-Avr2 lines were challenged 
with the Arabidopsis fungal pathogens Alternaria brassicicola, B. cinerea, and 
Plectosphaerella cucumerina, the oomycete pathogens Hyaloperonospora parasitica 
and Phytophthora brassicae and the bacterium Pseudomonas syringae pv. tomato 
strain DC3000, using both progenitor Col-0 plants and Avr9-expressing Arabidopsis 
plants as controls. In these assays, At-Avr2 lines inoculated with the necrotrophic 
fungal pathogens B. cinerea or P. cucumerina showed a clear enhancement of 
disease progression when compared to the inoculated control plants (Figure 1). On 
the At-Avr2 lines necrotic lesions developed faster and grew larger compared to 
inoculated control plants on which lesions remained small (Figure 1; Supplemental 
Figure 2 online). Generally, disease progression did not result in sporulation of the 
pathogens on At-Avr2 lines, although occasionally sporulation of P. cucumerina was 
observed on some of the inoculated leaves. Quantitative degrees of resistance are 
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typical for defense against necrotrophic pathogens (Thomma et al., 1998; 1999a; 
1999b; Kliebenstein et al., 2005). Interestingly, inoculation with another necrotrophic 
fungus, A. brassicicola, did not result in a more susceptible phenotype, indicating that 
the enhanced susceptibility is pathogen dependent and not due to an overactive host 
defense. Likewise, inoculation with the bacterial pathogen P. syringae pv. tomato 
strain DC3000, or the oomycete pathogens P. brassicae and H. parasitica strains 
Waco9 (virulent) and Cala2 (avirulent), did not reveal increased susceptibility of At-
Avr2 lines. It has been shown previously that basal defense responses show 
differential effectivity towards different microbial pathogens (Thomma et al., 1998; 
1999a; 1999b; 2000; 2001). Taken together, expression and extracellular targeting of 
Avr2 in Arabidopsis promotes the virulence of some, but not all, pathogens.  
 
Avr2 Expression in Arabidopsis Leads to Transcriptional Reprogramming 
Reflecting Defense Responses After Pathogen Challenge 
To investigate whether Avr2 expression merely disturbs host physiology, or 
specifically interferes with basal host defences, transcriptional profiling in the 
absence of pathogen challenge was performed on four-week-old At-Avr2-A plants 
and progenitor Col-0 plants using Affymetrix ATH1 whole-genome arrays. In total, 
880 genes were found to be significantly regulated (Bayesian t-testing, P<0.05) in 
response to Avr2 expression. To gain insight into the underlying biological 
phenomena affected by constitutive Avr2 expression, two complementary methods 
were applied. On the one hand, a scoring-based resampling method was applied to 
identify significantly overrepresented Gene Ontology (GO) classes (Lee et al., 2005). 
GO terms provide three structurally controlled vocabularies (ontologies) to describe 
genes and gene products in terms of their associated biological processes, their 
associated cellular components and their molecular and biochemical functions in a 
species-independent manner (Ashburner et al., 2000; Harris et al., 2004). As input, 
all t-test P values from the probe set comparisons across the respective conditions 
were used. To perform this method, the ErmineJ (Lee et al., 2005) software was 
used. This analysis revealed that genes participating in regulation of actin 
cytoskeleton reorganization, photosynthesis, and biosynthesis of nitrogenous 
compounds such as amino acids and glucosinolates were differentially regulated, in 
addition to pathways related to wounding, oxidative stress, and jasmonic 
acid/ethylene/salicylic acid-signaling (Supplementary Dataset 1 online). The cellular 
compartments associated with the differentially regulated gene products are involved 
in the secretory pathway and the exterior of the cell (apoplast), in addition to 
components that play a role in protein phosphorylation, reactive oxygen stress and 
proteasome function (Supplementary Dataset 1 online).  This is also reflected by the 
molecular function of the products of the differentially regulated genes 
(Supplementary Dataset 1 online).  
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To further characterize the transcriptional response of At-Avr2-A plants, we employed 
Gene Set Enrichment Analysis (GSEA) which places gene products in a broader 
context covering biochemical, metabolic and signalling networks (Subramanian et al., 
2005). This method is widely used to analyze human and murine transcriptome data, 
(van Baarlen et al., 2008). To perform GSEA for Arabidopsis, a database was 
constructed through transforming Arabidopsis KEGG (Kyoto Encyclopedia of Genes 
and Genomes; http://www.genome.jp/kegg/pathway.html) pathways information that 
represents current knowledge on molecular and biochemical networks. Furthermore, 
the database was supplemented with various expressed gene sets reported in 
literature. The resulting database was queried with the set of 880 Avr2-triggered 
differentially expressed Arabidopsis genes (Table 1).  This showed that the obtained 
gene set was enriched for genes that are similarly found in Arabidopsis challenged 
with P. syringae or Escherichia coli, treated with bacterial effectors, or treated with 
pathogen phytotoxins such as P. syringae coronatine, A. alternata AAL toxin and 
Fusarium oxysporum Nep1 toxin (Table 1). Moreover, genes involved in the host 
secretory pathway were also over-represented (Table 1). Overall, it can be concluded 
from the global transcriptional profiling that Avr2-expression in Arabidopsis triggers a 
global transcription pattern that reflects pathogen challenge, suggesting that basal 
defense is affected rather than common physiological processes. 
 
Identification of Arabidopsis Cysteine Proteases Targeted by Avr2 
It has previously been demonstrated that Avr2 binds to, and inhibits, the tomato 
apoplastic cysteine protease Rcr3 (Rooney et al., 2005). To investigate whether Avr2 
also inhibits Arabidopsis cysteine proteases, we applied protease activity profiling 
(van der Hoorn et al., 2004) on wild-type and At-Avr2-A plants. Total protein extracts 
from unchallenged soil-grown plants were treated with DCG-04, a biotinylated 
derivative of the irreversible cysteine protease inhibitor E-64 that reacts with the 
catalytic cysteine residue in an activity-dependent manner (Greenbaum et al., 2000) 
to biotinylate active cysteine proteases (van der Hoorn et al., 2004; Rooney et al., 
2005). Subsequently, the biotinylated cysteine proteases were detected on western 
blots using streptavidin-coupled horseradish peroxidase (HRP), showing two major 
bands of biotinylated cysteine proteases in wild-type Col-0 plants migrating around 
25 kDa and around 30 kDa. These bands can be fully competed by pretreatment with 
an excess of E-64 prior to labeling, indicating that DCG-04 specifically binds to 
cysteine proteases (Figure 2). Interestingly, treatment of total protein extracts from 
unchallenged soil-grown Col-0 plants with an excess of Avr2 likewise prevented 
subsequent labeling by DCG-04, demonstrating that Avr2 is also able to inhibit 
cysteine proteases in wild-type Arabidopsis plants (Figure 2). When compared to the 
progenitor Col-0 plants, a slightly different pattern of active cysteine proteases was 
observed in western blots of Avr2-expressing At-Avr2-A plants. In contrast to Col-0 
plants, in Avr2-A plants, the 30 kDa band was more intense than the25 kDa band. 
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Pretreatment of the extracts with an excess of E-64 resulted in absence of active 
cysteine proteases, since no biotinylated signals were obtained on the blot (Figure 2), 
confirming that the signals were derived from active cysteine proteases. Interestingly, 
treatment of the sample with an excess of Avr2 did not prevent subsequent labeling 
by DCG-04, (Figure 2), demonstrating that the composition of the set of active 
cysteine proteases in AtAvr2-A plants is different from that in Col-0 plants and 
contains proteases that cannot be inhibited by Avr2. 
To identify the cysteine proteases present in the extracts, biotinylated proteins 
present in DCG-04 labeled protein extracts were purified on streptavidin magnetic 
beads and subjected to LC/MS2 analysis. In the progenitor Col-0 Arabidopsis plants, 
seven cysteine proteases could be identified, including aleurain, aleurain-like, 
cathepsin B, CPR1, RD21a, XCP1 and XCP2 proteases (Table 2). In the extract that 
was treated with an excess of E-64 prior to DCG-04 labeling, no proteases were 
identified at all. However, treatment of the Col-0 extract with an excess of Avr2 
resulted in the detection of only cathepsin B (Table 2). This demonstrates that Avr2 is 
able to inhibit aleurain, aleurain-like, CPR1, RD21a, XCP1 and XCP2 because it can 
compete with DCG-04 for binding to the protease.  
In At-Avr2-A plants, four cysteine proteases were detected: aleurain, aleurain-like, 
RD21a, and cathepsin B while CPR1, XCP1 and XCP2 were not detected (Table 2), 
demonstrating that constitutive Avr2-expression inactivates or represses CPR1, 
XCP1 and XCP2. Treatment of the extract of At-Avr2-A plants with an excess of E-64 
prior to DCG-04 labeling resulted in the absence of detectable aleurain, aleurain-like, 
RD21a, and cathepsin B. However, treatment of the extract with an excess of Avr2 
did not result in the absence of detectable aleurain, aleurain-like, RD21a, and 
cathepsin B, although the number of peptides derived from RD21A was significantly 
reduced. This suggests that the affinity of Avr2 for aleurain, aleurain-like and RD21a 
is lower than for CPR1, XCP1 and XCP2.  
Overall, from the cysteine profiling experiments in Arabidopsis it can be concluded 
that the cysteine proteases in Arabidopsis can be divided into three classes based on 
their interaction with Avr2: proteases that cannot be inhibited by Avr2 (cathepsin B), 
proteases for which Avr2 has clear affinity (CPR1, XCP1 and XCP2), and proteases 
for which Avr2 has some (based on incidental treatment of Col-0 extracts) but rather 
low (based on the constitutive Avr2 presence in At-Avr2 plants) affinity (aleurain, 
aleurain-like and RD21a).  
 
Production and Characterization of Avr2-Transgenic Tomato Lines  
Using A. tumefaciens-mediated transformation, transgenic MoneyMaker-Cf-0 tomato 
plants (MM-Cf-0) were generated for constitutive expression of C. fulvum Avr2. Two 
independent lines with a single copy insert of the transgene were retained for further 
analysis (MM-Avr2-A and MM-Avr2-B, collectively MM-Avr2 lines). Similar to 
Arabidopsis, no macroscopically visible phenotypic anomalies were observed in 
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these lines when grown under standard greenhouse conditions (Supplemental Figure 
3A online). It has previously been shown that tomato seeds expressing the Cf-4 or 
Cf-9 resistance gene in combination with the cognate Avr gene readily germinate, but 
develop a systemic HR within a few days post emergence of the hypocotyls and die 
(Cai et al., 2001; Hammond-Kosack et al., 1994; Thomas et al., 1997; Stulemeijer et 
al., 2007). Similarly, a cross between MM-Avr2-A and MM-Cf-2 resulted in viable 
seeds that germinated at room temperature, but eventually all Cf-2 x Avr2 seedlings 
died, whereas seedlings from both parental lines retained normal germination and 
growth characteristics (Supplemental Figure 3C online). In addition, apoplastic fluids 
from MM-Avr2 plants, but not those from the progenitor MM-Cf-0 line, resulted in a 
clearly visible HR four days post injection into leaves of MM-Cf-2 plants, confirming 
the presence of biologically active Avr2 in the apoplast of MM-Avr2 lines 
(Supplemental Figure 3B online). 
 
Heterologous Expression of Avr2 in Tomato Promotes C. fulvum Colonization 
Using the MM-Avr2 lines, we determined whether Avr2-expression enhances the 
virulence of a wild-type strain of C. fulvum lacking functional Avr2. Four-week-old 
MM-Avr2-A plants and control MM-Cf-0 plants were inoculated with conidia of a race 
2 C. fulvum strain that lacks functional Avr2 and disease progression was monitored 
up to three weeks after inoculation. Visual inspection showed that Avr2-expressing 
plants were clearly more susceptible to this strain as colonization occurred faster 
than on MM-Cf-0 plants (Figure 3). At 14 DPI, conidiophores of C. fulvum emerged 
from the Avr2-expressing plants, while conidiophores were not yet observed on MM-
Cf-0 leaves (Figure 3A). We have previously shown that C. fulvum biomass can be 
measured by real-time PCR determination of C. fulvum actin levels (van Esse et al., 
2007; Bolton et al., 2008). The enhanced colonization of MM-Avr2 plants was 
confirmed by real-time PCR at 10 and 14 DPI, showing that MM-Avr2 plants 
accumulated more C. fulvum biomass faster than MM-Cf-0 plants (Figure 3B). 
Similarly, enhanced colonization of MM-Avr2-B plants was observed when compared 
to control MM-Cf-0 plants upon inoculation with race 2 C. fulvum (Supplemental 
Figure 4A online).  Experiments with another natural C. fulvum strain that lacked a 
functional Avr2 gene provided similar results (Supplemental Figure 4B online), 
strongly suggesting that Avr2 is a virulence factor of C. fulvum.  
 
Silencing of Avr2 in C. fulvum Compromises Virulence on Tomato  
Gene silencing has been used reduce the expression of C. fulvum effector genes 
(van Esse et al., 2007; Bolton et al., 2008). To determine the role of Avr2, gene 
silencing was performed in a race 5 strain of C. fulvum (that contains the wild-type 
Avr2 gene) using an inverted-repeat fragment of the Avr2 gene driven by the 
constitutive ToxA promoter of the cereal pathogenic fungus Pyrenophora tritici-
repentis (Ciuffetti et al., 1997). Several putative Avr2 inverted-repeat (Avr2-IR) 
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transformants were obtained, three of which were used for further analysis. Growth of 
these transformants in vitro on potato dextrose agar was indistinguishable from that 
of the progenitor strain (Supplemental Figure 5 online).  Since C. fulvum effector 
genes show no or low and variable expression when cultured in vitro (Thomma et al., 
2006), four-week-old MM-Cf-0 tomato plants were inoculated with the three 
independent Avr2-IR transformants to determine whether the introduction of the 
Avr2-IR resulted in silencing. The in planta expression levels of Avr2 were 
determined relative to the constitutively expressed C. fulvum actin gene to calibrate 
for the amount of fungal biomass in the sample at 14 DPI using real-time reverse 
transcriptase PCR, showing a 60-70% reduction of Avr2-expression in each of the 
transformants when compared to the progenitor C. fulvum strain (Figure 4A). 
Nevertheless, these levels were still sufficient to trigger Cf-2-mediated resistance in 
MM-Cf-2 plants since the Avr2-IR transformants were still avirulent, although the 
response to Avr2-IR transformants was less vigorous than to the progenitor C. fulvum 
strain (Supplemental Figure 6 online). Virulence assays on MM-Cf-0 tomato plants 
showed that the Avr2-IR transformants were substantially compromised in their ability 
to colonize tomato leaves when compared to the progenitor C. fulvum strain, as they 
progressed slower and sporulated later (Figure 4B). This reduction in biomass by the 
Avr2-IR transformants as compared to the progenitor strain was confirmed by real-
time PCR quantification of C. fulvum actin transcripts at 11 DPI (Figure 4C), 
demonstrating that Avr2 is a genuine virulence factor. 
 
Heterologous Expression of Avr2 in Tomato Enhances Disease Susceptibility 
As Avr2-expressing Arabidopsis transgenic lines showed increased susceptibility 
towards various pathogens, we analyzed Avr2-expressing tomato lines for increased 
susceptibility towards P. infestans, B. cinerea and Verticillium dahliae. For P. 
infestans, no difference in susceptibility was observed between the MM-Avr2 lines 
and the progenitor MM-Cf-0 line.  However, significantly more necrosis developed 
upon B. cinerea inoculation on MM-Avr2 lines than on the progenitor MM-Cf-0 line 
(Figure 5A), which correlated with enhanced fungal colonization as observed by 
microscopic analysis (Figure 5B). While on MM-Cf-0 plants germinating B. cinerea 
conidia formed only short hyphae, hyphae on MM-Avr2 plants were significantly 
longer and grew into the plant tissue (Figure 5B; Supplemental Figure 7 online).  We 
subsequently tested the susceptibility of MM-Avr2 plants towards the vascular 
pathogen V. dahliae (Fradin and Thomma, 2006). Also with this pathogen, enhanced 
disease development was observed on MM-Avr2 plants as compared to the 
progenitor MM-Cf-0 line. In this case, enhanced fungal colonization is reflected by 
stronger stunting, considerably reduced stem diameter, and stronger wilting 
symptoms in Avr2-transgenic lines (Figure 5C).  
In our laboratory, we have also established a successful soil-based V. dahliae-
infection assay for Arabidopsis (Fradin and Thomma, 2006). Like for tomato, we 
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found that At-Avr2 plants were more susceptible to V. dahliae than progenitor Col-0 
plants (Figure 5D). 
 
Identification of Tomato Cysteine Proteases Targeted by Avr2 
Apoplastic fluid obtained from a time course experiment of MM-Cf-0 plants inoculated 
with a natural strain of C. fulvum lacking functional Avr2 (Boukema, 1981) were 
assessed for the presence of active cysteine proteases with biotinylated E-64. A 
western blot, using streptavidin coupled to horseradish peroxidase (HRP) for 
detection, demonstrated that inoculation of tomato with C. fulvum results in the 
induction of several active apoplastic cysteine proteases (Figure 6). Compared to 0 
DPI, at five and seven DPI, more bands appeared while the intensities of the bands 
also increased, resulting in three major signals of 25, 30 and 37 kDa at seven DPI. 
The observed signals could fully be competed with an excess of E-64 prior to 
labeling, while they were largely competed by pre-treatment with Avr2 (Figure 6). 
This demonstrates that Avr2 is able to inactivate multiple cysteine proteases in 
tomato, as was also observed for Arabidopsis.  
To identify the different tomato proteases, a large-scale labeling and purification 
experiment was performed. Cysteine proteases present in apoplastic fluids of non-
inoculated MM-Cf-0 plants were labeled with DCG-04, and biotinylated proteins were 
isolated using streptavidin beads and subsequently identified with LC/MS2. Seven 
active cysteine proteases could be identified in the apoplast of non-inoculated MM-
Cf-0 leaves, including Rcr3, Pip1, TDI65, aleurain, glycinain, and two cathepsin B 
proteases (Table 3). Upon inoculation of MM-Cf-0 plants with a natural strain of C. 
fulvum lacking a functional Avr2 gene, the same proteases were identified except 
glycinain, which disappeared upon infection (Table 3). This demonstrates that C. 
fulvum infection results in larger amounts of active cysteine proteases that are 
already present in non-inoculated tomato plants. 
To determine potential targets of the cysteine protease inhibitor Avr2, apoplastic 
fluids of non-inoculated tomato leaves were treated with an excess Avr2 prior to 
labeling with DCG-04. In the extract that was treated with an excess of E-64 prior to 
DCG-04 labeling, no proteases were identified at all. However, after Avr2-treatment 
the Rcr3, Pip1 and glycinain proteases were no longer biotinylated by DCG-04 while 
TDI65, aleurain, and two cathepsin B proteases were still detected, showing that 
Avr2 has the highest affinity for Rcr3, Pip1 and glycinain (Table 3). The DCG-04 
assay actually assesses the ability of Avr2 to block the binding of DCG-04 to active 
cysteine proteases. To directly assess the potential of Avr2 to interact with target 
cysteine proteases rather than assessing its competitive ability to block DCG-binding, 
Avr2 was labeled with biotin and used as bait to isolate and identify interacting 
apoplastic cysteine proteases with streptavidin beads in apoplastic fluids of non-
inoculated tomato leaves. In this approach, the Rcr3, Pip1, TDI65 and aleurain 
proteases were found to bind to Avr2 (Table 3).  
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In addition to the non-inoculated and C. fulvum-inoculated MM-Cf-0 plants, we 
performed protease activity profiling on apoplastic fluids from non-inoculated MM-
Avr2 plants. Compared to non-inoculated MM-Cf-0 plants, five of the seven active 
cysteine proteases were also identified in MM-Avr2 plants, the exceptions being Rcr3 
and glycinain (Table 3). Interestingly, fewer peptides were identified for Pip1 and 
glycinain, suggesting that the relative amount of these proteases is reduced in the 
extract, which is also observed in extracts of MM-Cf-0 plants upon pretreatment with 
Avr2 prior to DCG-04 labeling.  
Overall, from the cysteine profiling experiments in tomato it can be concluded that the 
tomato cysteine proteases can be divided in three classes based on their interaction 
with Avr2: proteases that cannot be inhibited by Avr2 (cathepsin B), proteases for 
which Avr2 has clear affinity (Rcr3 and Pip1), and proteases for which Avr2 has lower 
affinity (TDI-65, aleurain, and glycinain). The inhibition of several extracellular host 
proteases by Avr2 is likely to cause the more susceptible phenotype. At present, 
biochemical evidence for the inhibition of protease activity by Avr2 only exists for 
Rcr3 (Rooney et al., 2005). However, Cf-2/rcr3-3 mutants that lack Rcr3 due to a 
premature translational stop codon in the Rcr3 gene (Krüger et al., 2002) did not 
show enhanced susceptibility towards race 2 C. fulvum strains that lack functional 
Avr2 when compared to Cf-2/Rcr3 plants (Supplemental Figure 8 online), suggesting 
that loss of Rcr3 function alone is not sufficient for the enhanced disease 
susceptibility. Therefore, it is likely that the simultaneous inhibition of several host 
proteases by Avr2 causes the observed enhanced disease susceptibility phenotypes 
in different pathosystems. 
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DISCUSSION 
In resistant tomato plants, the protease-inhibitory activity of C. fulvum Avr2 that 
results in modulation of the papain-like cysteine protease Rcr3 is monitored by the 
Cf-2 protein, which results in Cf-2-mediated disease resistance (Rooney et al., 2005). 
Here, we show that Avr2 is a general cysteine protease inhibitor that targets 
additional host proteases, which makes it a genuine virulence factor for C. fulvum 
that is also able to enhance the virulence of several other fungal plant pathogens on 
both tomato and Arabidopsis.  
 
C. fulvum Avr2 Targets The Host Proteolytic Machinery  
In this study, cysteine protease activity profiling was performed using the biotinylated 
E-64 inhibitor of C1 class of cysteine proteases, DCG-04. The profiling assays in 
tomato and Arabidopsis resulted in the identification of several extracellular cysteine 
proteases that interact with Avr2. Several proteases were identified in both hosts; 
cathepsin B and aleurain(-like), but also tomato TDI65, which is the homolog of 
Arabidopsis RD21A (Harrak et al., 2001). For the tomato proteases Rcr3 (Krüger et 
al., 2002) and Pip1 (Tian et al., 2007) no clear Arabidopsis homolog was identified. 
Likewise, for the Arabidopsis proteases XCP1, XCP2, (Zhao et al., 2000), and CPR1, 
no clear tomato homolog could be identified. However, XCP1 and XCP2 have been 
reported as xylem-specific C1 cysteine proteases (Zhao et al., 2000; Funk et al., 
2002), and it should be noted that the Arabidopsis protease activity profiling was 
performed on whole plant extracts while the tomato profiling was performed on 
apopastic fluids. Thus, we are uncertain whether all identified Arabidopsis proteases 
indeed are present in the leaf apoplast.   
To identify potential targets of Avr2 among the C1 proteases that irreversibly bind to 
E-64, the tomato and Arabidopsis extracts were treated with an excess of Avr2 prior 
to profiling with DCG-04. In both tomato and Arabidopsis extracts, Avr2 treatment 
prevented binding of DCG-04 to several proteases including tomato Rcr3, Pip1 and 
glycinain, and all Arabidopsis proteases except the cathepsin B and cathepsin B-like 
proteases (Tables 2 and 3). The ability to prevent DCG-04 binding to these proteases 
demonstrates the ability of Avr2 to interact with these targets. To further characterize 
Avr2 targets in tomato, biotinylated Avr2 was used to fish for targets in apoplastic 
fluids. Using this strategy, Rcr3, Pip1, TDI65 and the aleurain protease were 
identified. It is conceivable that the kinetics of the interaction in which Avr2 is used to 
inactivate proteases and thus block DCG-04 binding may be different from the 
kinetics in the interaction in which Avr2 is used as a bait to fish for targets. It is 
currently not possible to predict whether the kinetics of the different approaches used 
here are biologically meaningful or not. Nevertheless, these results confirm that Avr2 
has the potential to target multiple host cysteine proteases of the C1 class, and that 
so far no additional targets could be found in the tomato apoplast fluids.  
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The finding that Avr2 pretreatment did not prevent binding of DCG-04 to TDI65 and 
aleurain, although these proteases were identified when fishing with biotinylated 
Avr2, suggests that Avr2 interacts reversibly with these two proteases. Furthermore, 
it should be noted that due to the limitations of the current LC/MS2 technology our 
assay detected only qualitative but not quantitative differences between samples, so 
even a large reduction in binding of DCG-04 to TDI65 and aleurain may remain 
unnoticed. Clearly, in both tomato and Arabidopsis extracts, Avr2 treatment did not 
prevent binding of DCG-04 to cathepsin B proteases, suggesting that Avr2 has no 
affinity for these proteases (Tables 2 and 3). Overall, our assays demonstrate that C. 
fulvum Avr2 targets several apoplastic papain-like cysteine proteases of the host 
proteolytic machinery. Interestingly, our data furthermore show that, while C. fulvum 
Avr2 targets multiple host proteases, the tomato Cf-2 protein guards only Rcr3. This 
has also been observed for the P. syringae effectors AvrB, AvrRpm1 and AvrRpt2 
that all target multiple host proteins of which only the basal defense regulator RIN4 is 
guarded by the cognate R proteins (Belkhadir et al., 2004; Lim and Kunkel, 2004; 
Chisholm et al., 2005). It was recently shown that treatment of tomato plants with the 
salicylic acid analog BTH induces the accumulation of Pip1 and Rcr3 (Shabab et al., 
2008).  Similar to our observations, it was shown in a competition experiment that, 
after Avr2-treatment, the Rcr3 and Pip1 proteases were no longer biotinylated by 
DCG-04, while the aleurain and cathepsin B proteases were still detected, thus 
confirming our finding that Avr2 has multiple targets in tomato (Shabab et al., 2008).  
 
Host Proteases Are Essential For Basal Defense 
Pathogens as well as their hosts use proteolytic machineries to modulate the 
outcome of their interaction. On the one hand, several bacterial effectors have been 
identified that possess protease activity to degrade or modify host components 
(Hotson and Mudgett, 2004). For instance, P. syringae AvrPphB targets the host 
protein kinase PBS1 (Shao et al., 2003), and AvrRpt2 cleaves the Arabidopsis basal 
defense regulator RIN4 (Kim et al., 2005a; 2005b). Consistent with the guard 
hypothesis, in both cases the plant has developed guards to monitor this effector-
mediated degradation (RPS5 and RPS2, respectively) that subsequently activate 
effector-triggered immunity. On the other hand, host proteases are important for 
defense against pathogens (van der Hoorn, 2008). For example, the Arabidopsis 
aspartic protease CDR1 is proposed to mediate a peptide signal system involved in 
the activation of inducible resistance against P. syringae (Xia et al., 2004), while the 
vacuolar cysteine protease RD19 is required for RRS1-R resistance that is triggered 
by the PopP2 effector of Ralstonia solanacearum (Bernoux et al., 2008). Both RD19 
and RRS1-R are targeted by PopP2 and are translocated to the nucleus where 
effector-triggered immunity is activated. Furthermore, several plant proteases have 
been implicated in the HR (D’Silva et al., 1998; Solomon et al., 1999; Coffeen and 
Wolpert, 2004; Rojo et al., 2004; Woltering, 2004; Chichkova et al., 2004; Gilroy et 
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al., 2007). It is therefore not surprising that pathogens utilize protease inhibitors 
during infection to target host proteases. Several secreted effector proteins from the 
oomycete pathogen P. infestans have been identified that display protease-inhibitory 
activity (Tian et al., 2004; 2005; 2007). The Kazal-like serine protease inhibitor 
directly interacts with the extracellular subtilisin-like protease PR-protein P69B (Tian 
et al., 2004), while the cysteine protease inhibitor EPIC2 interacts with the cysteine 
protease Pip1 (Tian et al., 2007). However, while diverse roles of plant proteases in 
disease signaling have been established, a role as genuine defense molecule has so 
far not been demonstrated.  
In this study, apoplastic delivery of Avr2 in Arabidopsis, a non-host for C. fulvum, and 
in tomato resulted in enhanced susceptibility towards several fungal pathogens. In 
addition to the biotroph C. fulvum, these include the necrotrophic pathogens B. 
cinerea and P. cucumerina, and the vascular pathogen V. dahliae. However, no 
enhanced susceptibility towards the avirulent fungal pathogen A. brassisicola and the 
bacterial pathogen P. syringae was observed in Avr2-expressing Arabidopsis. 
Likewise, disease development by the haustorial pathogens H. parasitica, P. 
brassicae and P. infestans remained unaltered. Taken together, these results 
demonstrate that Avr2 expression compromises basal defense against pathogens 
that may be designated as extracellularly growing (non-haustorial) virulent fungi. This 
likely reflects that pathogens that do not utilize haustoria or mechanisms for host 
cytoplasmic delivery of effector proteins such as type III secretion or RxLR host 
targeting motifs, are more sensitive to apoplastic defenses.  
Compromising specific defense mechanisms by Avr2, rather than merely disturbing 
host physiology, is not only supported by the disease susceptibility towards specific 
pathogens, but is further substantiated by transcriptional profiling of Avr2-expressing 
Arabidopsis plants in the absence of pathogen challenge. GSEA and ErmineJ 
analyses (Lee et al., 2005; Subramanian et al., 2005) were used to characterize the 
transcriptional response of Arabidopsis upon Avr2-expression as a typical plant 
response to pathogens or pathogen-derived components. Both types of analyses are 
unbiased because no gene selection step is used as all expressed genes are 
included, and a score is computed based on all genes in a particular GO term or 
gene set. Genes involved in the regulation of actin cytoskeleton reorganization and 
typical responses to wounding, oxidative stress, jasmonic acid, ethylene and salicylic 
acid (Supplementary Dataset 1 online) were overrepresented in the expression 
profiles. Furthermore genes associated with the secretory pathway and the exterior 
of the cell (apoplast) were also overrepresented.  
 
Identification of Intrinsic Roles of Filamentous Pathogen Effectors  
A role for secreted effectors in pathogen virulence has been demonstrated for only a 
few filamentous pathogens. Three in planta secreted C. fulvum proteins, Ecp1, Ecp2 
and Ecp6, have been implicated in full virulence of the pathogen (Laugé et al., 1997; 



- 66 - 

 

van Esse et al., 2007; Bolton et al. 2008). Similarly, two avirulence proteins from the 
barley powdery mildew fungus Blumeria graminis f. sp. hordei and the SIX1 
avirulence protein from Fusarium oxysporum f. sp. lycopersici were shown to 
increase fungal infectivity on the respective hosts (Rep et al., 2005; Ridout et al., 
2006). The secreted effector proteins ATR1 and ATR13 from the oomycete 
Arabidopsis pathogen H. parasitica were also shown to contribute to pathogen 
virulence when delivered to the host by P. syringae (Sohn et al., 2007). However, in 
all these cases, the mechanism by which these effectors contribute to virulence is not 
yet understood. In a recent study to investigate the mechanism of action of a 
microbial effector, it was demonstrated that the C. fulvum effector protein Avr4 is a 
counter-defense factor that protects fungal cell walls against hydrolysis by plant 
chitinases through chitin-binding activity, and thus contributes to fungal virulence 
(van Esse et al., 2007). We have now shown that the C. fulvum effector protein Avr2 
contributes to fungal virulence by targeting host proteases that are crucial for basal 
defense since Avr2-expressing tomato is more susceptible towards natural race 2 C. 
fulvum strains and Avr2-silencing in a race 5 strain of C. fulvum clearly affected 
fungal aggressiveness. 
Importantly, our results demonstrate that heterologous expression of secreted 
pathogen effectors in planta may successfully be used to uncover the intrinsic 
biological functions of these molecules. Moreover, depending on the nature of the 
effector target, the plant species used may even be a non-host of the pathogen from 
which the effector is derived. We have recently used heterologous expression in 
Arabidopsis and tomato to show that the C. fulvum effector Avr4 is a genuine 
virulence factor (van Esse et al., 2007) and in the present study, we used a similar 
approach for Avr2. Several virulence targets of Avr2 were identified both in 
Arabidopsis and in tomato, while increased susceptibility towards some of the same 
pathogens was demonstrated. This not only suggests that basal defense responses 
in different plant species are highly conserved, but also that effector targets of 
different pathogens with diverse hosts may be orthologs (van Baarlen et al., 2007).  
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 METHODS  
All experiments have been performed a minimum of three times yielding similar 
results.  
 
Cultivation of Micro-organisms and Plants  
C. fulvum and V. dahliae were cultured at room temperature on half-strength potato 
dextrose agar (Oxoid, Basingstoke, England) supplemented with 7 g/l technical agar 
(Oxoid, Basingstoke, England). B. cinerea (Brouwer et al., 2003) and P. cucumerina 
(Thomma et al., 2000) were cultured at room temperature on malt extract agar 
(Oxoid, Basingstoke, England). P. brassicae isolate CBS686.95 was grown on V8 
juice (Campbell Soups) agar (Erwin and Ribeiro, 1996) in the dark at 18°C. P. 
syringae pv. tomato DC3000 was cultured on King’s B medium containing 200 µg/ml 
rifampicin.  
Cf2/rcr3-3 tomato was described previously (Krüger et al., 2002). All tomato plants 
were grown in soil under standard greenhouse conditions: 21°C/19°C during the 16 h 
day/8 h night period, 70% relative humidity (RH) and 100 W/m2 supplemental light 
when the intensity dropped below 150 W/m2. Arabidopsis plants were grown in soil 
under similar greenhouse conditions with 21°C/18°C during the 16 h day/8 h night, 
60% RH and 100 W/m2 supplemental light when the intensity dropped below 150 
W/m2. 
 
Plant Transformations 
Transgenic Arabidopsis (At-Avr2-A to -C, collectively called At-Avr2 lines) and tomato 
(MM-Avr2-A and MM-Avr2-B, collectively MM-Avr2 lines) expressing C. fulvum Avr2 
were generated in this study. Transgenic Arabidopsis expressing Avr4 and Avr9 have 
been described previously (van Esse et al., 2007). For in planta production of C. 
fulvum effectors, the sequence encoding each of the mature proteins was amplified 
(Supplemental Table 1 online) and ligated into the binary pGREEN vector that 
contained the CaMV 35S promoter for constitutive expression (Hellens et al., 2000) 
in frame with the sequence encoding the tobacco PR1a signal peptide for apoplastic 
targeting. This vector was introduced into Agrobacterium tumefaciens strain GV3101 
by electroporation, and transformants were selected on LB medium supplemented 
with 50 µg/ml kanamycin and 25 µg/ml rifampicin. Subsequently, Arabidopsis 
transformants were generated using the floral dip method (Clough and Bent 1998). 
First generation transformants were selected on 50 μM kanamycin and subsequently 
transferred to soil. Several independent homozygous single insertion lines were 
selected, and T3 and T4

 lines were used for inoculations. 
Tomato transformations were performed using a modified protocol of Cortina and 
Culiáñez-Macià (2004). Seeds of the tomato cultivar MoneyMaker (MM-Cf-0) were 
surface-sterilized (by incubation for 1 minute in 70% EtOH, 25 minutes in 10% 
commercial bleach and rinsing three times in sterilized water), sown on MS agar 
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supplemented with sucrose (30 g/l), incubated in the dark in a growth chamber at 
25°C for two days and subsequently exposed to light. After approximately 10 days, 
cotyledons were harvested, cut in two, and placed upside down in Petri dishes 
containing pre-cultivation medium (MS agar supplemented with 30 g/l sucrose, 2 mg/l 
NAA, 1 mg/l BAP, pH 5.8), after which the explants were covered with sterile filter 
paper imbibed with 2 ml of co-cultivation medium (MS medium supplemented with 30 
g/l sucrose, 2 g/l caseine hydrolysate (Duchefa), 1  g/l 2,4 D, 0.5 mg/l kinetine 
(dissolved in 1 M NaOH), pH 6.5) and incubated in the dark for 24 hours. Transgenic 
A. tumefaciens carrying the construct of interest was grown in LB medium containing 
200 µM acetosyringone to an OD600 of 0.6, and after harvesting, the bacteria were re-
suspended in 75 ml of LB medium. Subsequently, the explants were incubated in the 
bacterial suspension for 5 to 10 minutes, dried on sterile filter paper, plated on pre-
cultivation medium, and incubated in the dark for two days. The explants were then 
transferred to regeneration medium (MS agar supplemented with 10 g/l sucrose, 10 
g/l glucose, 2 mg/l zeatin riboside, 0.4 mg/l thiamine-HCL, 0.02 mg/l IAA, 200 mg/l 
timentin (ticarcilline:potassium clavulanate [15:1], 100 mg/l kanamycin, 200 mg/l 
vancomycin, pH 5.8), incubated in the dark for five days, and transferred into light. 
The explants were transferred to fresh regeneration medium every two weeks. When 
calli appeared, they were transferred to shoot-inducing medium (MS agar 
supplemented with 10 g/l sucrose, 10 g/l glucose, 1 mg/l zeatin riboside, 0.02 mg/l 
IAA, 200 mg/l timentin, 100 mg/l kanamycin, 200 mg/l vancomycin, pH 5.8). Upon 
meristem development, the explants were transferred to root-inducing medium (MS 
agar supplemented with 10 g/l sucrose, 10 g/l glucose, 0.02 mg/l IAA, 200 mg/l 
timentin, 50 mg/l kanamycin, pH 5.8). Once roots developed, the plantlets were 
planted in soil and transferred to the greenhouse where they were grown under 
standard greenhouse conditions. 
To verify apoplastic delivery of Avr2 in transgenic Arabidopsis and tomato plants, 
apoplastic fluid was isolated and injected into Cf-2 tomato in order to obtain an HR 
according to de Wit and Spikman (1982).   
 
Plant Inoculations  
Inoculation of tomato with C. fulvum was performed as previously described (de Wit, 
1977). To assess susceptibility of the Avr2-expressing tomato lines, the Avr2-
deficient C. fulvum strains 2.4.5 (Boukema, 1981) and 2.5.9 (Laterrot, 1986) were 
used. Briefly, five-week-old soil-grown tomato plants were inoculated by spraying 5 
ml of conidial suspension (106 conidia/ml) onto the lower surface of the leaves. 
Subsequently, plants were kept at 100 % RH for 48 h under a transparent plastic 
cover after which they we incubated at standard greenhouse conditions of 16 h/8h 
light/dark regime and 70% RH. Disease progression was monitored until 20 DPI. 
Inoculation of tomato with B. cinerea (Brouwer et al., 2003) was performed as 
previously described (Díaz et al., 2002) with slight modifications. Briefly, a 
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suspension of 106 conidia/ml in Gamborg's B5 medium (Duchefa Biochemie bv, 
Haarlem, The Netherlands) supplemented with 10 mM Glc and 10 mM potassium 
phosphate (pH 6) was pre-incubated without shaking for 2 to 3 h at room 
temperature. Subsequently, five-week-old soil-grown tomato plants were inoculated 
by spraying 5 ml the inoculum onto the lower surface of the leaves. Plants were kept 
at 100 % RH for 48 h under a transparent plastic cover after which they we incubated 
at standard greenhouse conditions. For microscopic analysis, B. cinerea inoculated 
leaves were stained with lactophenol-trypan blue (Keogh et al., 1980) to visualize 
hyphal structures and death plant cells. Leaves were destained and mounted in a 
chloral hydrate solution (2.5 mg/ml). Microscopy was preformed with a Nikon 90i 
epifluorescence microscope equipped with a Nikon DS-5Mc digital imaging system 
and Nikon NIS-elements AR software 2.3 (Nikon Instruments inc, Melville, NY, 
U.S.A.). 
P. infestans inoculations on tomato were performed on detached leaves as described 
for potato (Vleeshouwers et al., 1999). 
For inoculation with V. dahliae, two-week-old soil-grown tomato plants were up-
rooted and inoculated by dipping the roots for 2 minutes in a conidial suspension (106 
conidia/ml) in water. After re-planting in soil, plants were incubated at standard 
greenhouse conditions of 16 h/8h light/dark regime and 70% RH. Disease 
progression was monitored until 20 DPI. 
Inoculation of Arabidopsis plants with B. cinerea, P. cucumerina, P. brassicae and P. 
syringae were performed on four-week-old soil-grown plants. For B. cinerea, plants 
were inoculated by placing two 4 µl drops of a conidial suspension (5 × 105 
conidia/ml) in 12 g/l potato dextrose broth (Difco, Leeuwarden, The Netherlands) on 
each leaf. Inoculation with P. cucumerina was performed similarly, using an aqueous 
suspension containing 5 × 105 conidia/ml. For all pathogens, plants were incubated 
at 20°C, 100% RH and a 16 h/8h light/dark regime. Disease progression was scored 
at regular intervals and representative pictures were taken at four DPI. Inoculation 
with P. brassicae was performed by placing 5 mm-diameter plugs of a two-week-old 
P. brassicae agar plate culture onto Arabidopsis leaves. Subsequently, the plants 
were incubated at 16°C, 100 % RH and a 16 h/8h light/dark regime. Inoculation with 
P. syringae pv. tomato DC3000 was performed by spray inoculation of a bacterial 
suspension of 5 × 108 cfu/ml in 10 mM MgCl2, 0.05% Silwet L-77 (Lehle Seeds, 
Round Rock, TX, USA) onto the leaves until “droplet run-off”. Plants were incubated 
at 100% RH for 1 h, followed by incubation at 20°C, 60% RH and a 16 h/8h light/dark 
regime. Disease progression was scored at four DPI. 
For inoculation of Arabidopsis with V. dahliae, two-week-old soil-grown plants were 
up-rooted and inoculated by dipping the roots for 2 minutes in a conidial suspension 
(106 conidia/ml) in water. After re-planting in soil, plants were incubated at standard 
greenhouse conditions of 16 h/8h light/dark regime and 60% RH. Disease 
progression was monitored until 20 DPI. 
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Microarray Sample Preparation and Data Analyses  
Samples used for microarray analyses were replicated three times in independent 
experiments and each replication consisted of 10 At-Avr2-A Arabidopsis plants and 
10 Col-0 plants grown for four weeks under standard greenhouse conditions. Thus, in 
total 30 At-Avr2-A plants and 30 Col-0 plants were assayed. All above-ground tissues 
were harvested, pooled and flash-frozen in liquid nitrogen. For RNA extraction, the 
frozen leaves were ground using a spoon and approximately 100 mg of the crushed 
material was homogenized in 1 ml Trizol® reagent (Invitrogen, Carlsbad, CA, USA). 
After addition of 200 μl chlorophorm and phase separation, isopropanol was added to 
the aqueous phase, which was subsequently further purified with the NucleoSpin 
RNA plant kit (Macherey-Nagel GmbH, Düren, Germany). In this way, total RNA was 
obtained that was hybridized onto six individual ATH1 Affymetrix Arabidopsis whole-
genome arrays from At-Avr2-A and Col-0 plants grown in three independent 
replications. Probe preparations and GeneChip hybridizations were carried out at 
ServiceXS (Leiden, The Netherlands).  
Bioconductor packages (www.bioconductor.org; Gentleman et al., 2004) were used 
for analysing the scanned Affymetrix arrays. The Bioconductor packages were 
integrated in the automated on-line MADMAX pipeline 
(https://madmax.bioinformatics.nl). The arrays were normalised using quantile 
normalisation, and expression estimates were compiled using RMA applying the 
empirical Bayes approach (Wu et al., 2004). They were considered of sufficiently 
high quality if they showed less than 10% of specks in fitPLM model images, were 
not deviating in RNA degradation and density plots, were not significantly deviating in 
NUSE and RLE plots, and were within each other's range in boxplots. Differentially 
expressed probesets were identified using linear models, applying moderated t-
statistics that implement empirical Bayes regularisation of standard errors (Smyth, 
2004). P-values were corrected for multiple testing using a false discovery rate (FDR) 
method (Storey et al., 2003) that estimates type 1 (false positive) errors. For plants, 
an FDR < 0.05 cut-off is a suitable global value when arrays are of high quality 
(DeCook et al., 2006). Two complementary methods were applied to relate changes 
in gene expression to functional changes. One method is based on 
overrepresentation of Gene Ontology (GO) terms (Lee et al., 2005). Another 
approach, gene set enrichment analysis (GSEA), takes into account the broader 
context in which gene products function, namely in physically interacting networks, 
such as biochemical, metabolic or signal transduction routes (Subramanian et al., 
2005). Both methods are unbiased, because no gene selection step is used. 
Moreover, since a score is computed based on all genes in a particular GO term or 
gene set, the signal-to-noise ratio is boosted allowing the detection of transcriptional 
programs that are distributed across an entire set of interacting genes yet are subtle 
at the level of individual genes. The higher FDR values reflect the biological variation 
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that consists of between-plant variation and variation resulting from multiple (three) 
independent plant rearing and harvesting dates.  
 
Avr2 Inverted-Repeat Transformants of C. fulvum. 
A fragment of the Avr2-coding sequence was amplified using cDNA from a 
compatible interaction between C. fulvum and tomato as template using the primer 
sequences as shown in Supplemental Table 1 online. Construction of the binary 
vector containing an inverted repeat fragment of the Avr2 gene and A. tumefaciens-
mediated transformation of a race 5 strain of C. fulvum was performed as described 
(Bolton et al., 2008). 
 
Quantification of Avr2 Expression Levels and C. fulvum Biomass. 
The Avr2-IR transformants and the progenitor race 5 C. fulvum strain were inoculated 
onto five-week-old MM-Cf-0 tomato plants as described above. In each of three 
independently repeated experiments, leaf material was harvested 0, 3, 7, 11 and 16 
DPI, flash-frozen in liquid nitrogen and stored at -80°C until used for RNA analysis. 
Leaf samples consisted of three leaflets obtained from the 2nd, 3rd, and 4th compound 
leaves of two tomato plants. Total RNA was isolated from infected leaf material using 
the RNeasy kit (Qiagen, Valencia, CA), according to the manufacturer’s instructions. 
Total RNA was used for cDNA synthesis using an oligo(dT) primer (Supplemental 
Table 1 online) and the SuperScript II reverse transcriptase kit (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instructions. Quantitative real-time PCR 
was conducted with primers given in Supplemental Table 1 online, and using an 
ABI7300 PCR machine (Applied Biosystems, Foster City, CA, USA) in combination 
with the qPCR Core kit for SYBR® Green I (Eurogentec, Seraing, Belgium). Real-time 
PCR conditions were as follows: an initial 95°C denaturation step for 2 min followed 
by denaturation for 15s at 95°C and annealing/extension for 45s at 60°C for 40 
cycles and analyzed on the 7300System SDS software (Applied Biosystems, Foster 
City, CA, USA). To check for contamination with genomic DNA, real-time PCR was 
also carried out on RNA without the addition of reverse transcriptase. Quantification 
of C. fulvum growth on MM-Avr2 lines was performed similarly. Statistical analyses 
were performed in SPSS15.0 using one-way analysis of variance (ANOVA; P<0.05) 
followed by the LSD and Dunnett t (2-sided) post hoc multiple comparisons. 
 
Identification of Plant Cysteine Proteases Targeted by Avr2 
Protein extracts from Arabidopsis and tomato were prepared and subjected to 
protease activity profiling with DCG-04 (van der Hoorn et al., 2004). In the profiling 
assays, the cysteine protease inhibitors E-64 (110 μM final concentration) and His-
FLAG-Avr2 (11 μM final concentration) were tested for their ability to compete with 
DCG-04 (220 nM final concentration) for binding to cysteine proteases. 
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For tomato, apoplastic fluid was isolated from MM-Cf-0 tomato inoculated with the 
Avr2-deficient C. fulvum strain (Boukema, 1981) at 14 DPI as previously described 
(van Esse et al., 2006), and 9 ml of fluid was used for protease activity profiling. To 
each extract, 1 ml of DCG-04 assay buffer (500 mM NaAc, 100 mM L-cysteine, pH 
5.0) with DCG-04 (2.20 μM final concentration) was added and incubated at room 
temperature for 5 hrs. Subsequently, proteins were precipitated by addition of 20 ml 
of ice-cold acetone, washed with 70% (v/v) acetone and subsequently dissolved in 1 
ml TBS buffer (50 mM Tris/HCl, 150 mM NaCl, pH 7.5). The biotinylated cysteine 
proteases were bound to magnetic streptavidin beads (Promega, Madison, USA) by 
incubating for 16 hrs at 4°C. The beads were washed 3 times (50 mM Tris/HCl, 1.15 
M NaCl and 1% Triton X100) and subsequently rinsed twice with 50 mM NH4HCO3 
(pH 8.0). To reduce disulphide bridges, the beads were incubated with 50 mM 
dithiotreitol in 50 mM NH4HCO3 (pH 8.0)  for 2 hrs at 56ºC, followed by alkylation of 
cysteine residues by incubation in 50 mM iodoacetamide  in 50 mM NH4HCO3 (pH 
8.0) for 2 hrs at 25 ºC in the dark. Finally, the immobilized cysteine proteases were 
subjected to trypsin digestion. To this end, a fresh stock of 20 µg trypsin (Promega, 
Madison, USA) in l00 µl 50 mM HAOc was prepared. Four µl of this stock solution 
was diluted 10-fold in 100 mM NH4HCO3 (pH 8.0), added to the beads, and 
incubated overnight at room temperature. Subsequently, another 4 µl of stock 
solution was added and incubated for 4 hrs at 37ºC. The supernatant containing 
tryptic digests was separated from the magnetic beads, and 22 µl of the suspension 
was subjected to LC/MS2 analysis. 
For Arabidopsis, isolation of cysteine proteases was performed as described 
previously (van der Hoorn et al., 2004), and reduction of disulphide bridges and 
tryptic digests were performed as described above for tomato. 
To identify cysteine proteases that directly bind to Avr2, the above-described 
protease activity profiling assays were performed in which DCG-04 was replaced by 
biotinylated Avr2 (67 μM final concentration). Biotinylated Avr2 was produced by 
labeling of Pichia pastoris-produced Avr2 (Rooney et al., 2005) using the No-
WeighTM Premeasured NHS-PEO4-Biotin Microtubes (Pierce, Rockford, IL, USA) 
according to the manufacturer’s instructions.  
The protein samples were analyzed with LC/MS2 by injecting 18 or 20 µl of sample 
on a 0.10 x 32 mm Prontosil 300-3-C18H pre-concentration column (Bischoff, 
Leonberg, Germany) at a flow of 3 or 6 µl/min for 10 minutes. Peptides were eluted 
from the pre-concentration column onto a 0.10 x 200 mm Prontosil 300-3-C18H 
analytical column (Bischoff, Leonberg, Germany) with an acetonitril gradient at a flow 
of 0.5 µl/min. The gradient consisted of a 10 to 35% (v/v) acetonitril increase in water 
with 1 ml/l formic acid in 50 minutes. As a subsequent cleaning step, in 3 minutes the 
acetonitril concentration was increased to 80% (v/v) (with 20% water and 1 ml/l 
formic acid in both the acetonitril and the water).  
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Downstream of the analytical column, an electrospray potential of 1.8 kV was applied 
directly to the eluent via a solid 0.5 mm platina electrode fitted into a P875 Upchurch 
microT. Full scan positive mode MS spectra with 3 microscans (LCQ) or 1 microscan 
(LTQ) were measured between m/z  350 or 380 and 1400 on a LCQ classic or LTQ-
Orbitrap (Thermo Fisher Scientific, San Jose, CA, USA). The equipment was 
optimally tuned either by direct injection of 1 µM bradykinin or by injection of positive 
mode calibration mix at 0.5 µl/min via the electrospray device mentioned above. MS2 
scans of the three or four most abundant peaks in the MS scan were recorded in 
data dependent mode.   
All MS2 spectra were analyzed with Bioworks 3.2 or 3.3.1 software (Thermo Fisher 
Scientific, San Jose, CA, USA). A maximum of 3 differential modifications was set for 
oxidation of methionines and de-amidation of N and Q. Carboxamidomethylation of 
cysteines was set as a fixed modification. An Arabidopsis thaliana database 
(downloaded from the European Bioinformatics Institute website at 
http://www.ebi.ac.uk/integr8/) to which the following protein sequences were added: 
BSA (P02769, bovin serum albumin precursor), Trypsin (P00760, bovin), Trypsin 
(P00761, porcin), Keratin K2C1 (P04264, human) and Keratin K1CI (P35527, 
human) was used for peptide identifications. The peptide identifications obtained 
were filtered in Bioworks with the following filter criteria: ∆Cn > 0.08, Xcorr > 2 for 
charge state 1+ ,  Xcorr > 1.5 for charge state 2+, Xcorr > 3.3 for charge state 3+ and 
Xcorr > 3.5 for charge state 4+ (Peng et al., 2003).  
 
Accession Numbers 
Sequence data from this article can be found in TIGR or GenBank/EMBL databases. 
The accession numbers can be found in Tables 2 and 3. 
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Figure and figure legends 

 
 
Figure 1. Avr2-Expressing Arabidopsis Is More Susceptible to the Fungal Pathogens Botrytis 
cinerea and Plectosphaerella cucumerina.  
Typical symptoms caused by B. cinerea and P. cucumerina on four-week-old plants of three 
independent Avr2-expressing Arabidopsis lines (At-Avr2-A to -C) at four DPI. Typical symptoms on the 
progenitor Col-0 line and an Avr9-expressing transgenic line (At-Avr9) are shown as controls.  
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Figure 2. Avr2 Inhibits Cysteine Proteases in Arabidopsis.  
Western blot of total protein extracts from Arabidopsis transformants expressing Cladosporium fulvum 
Avr2 (At-Avr2-A) and corresponding progenitor Col-0 plants, upon treatment with the biotinylated 
cysteine protease inhibitor DCG-04 and isolation using streptavidin-coated beads. Active cysteine 
proteases are detected with streptavidin coupled horseradish peroxidase. Prior to labeling with DCG-
04, the extracts received no treatment (-), or were treated with either E-64 or Avr2. 
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Figure 3. Avr2-Expressing Tomato Is More Susceptible to Race 2 Cladosporium fulvum.  
(A) Typical disease symptoms on the adaxial and abaxial sides of the leaflets after inoculation with a 
race 2 C. fulvum strain of Avr2-expressing tomato (MM-Avr2-A), compared to those of the the 
progenitor line (MM-Cf-0) at 11 DPI. The adaxial side of MM-Avr2-A shows enhanced C. fulvum-
induced chlorosis when compared to MM-Cf-0. On the abaxial side, a pale yellowish shade around the 
main veins indicative of fungal growth is observed on MM-Avr2-A and not on MM-Cf-0. 
(B) Quantitative real-time PCR of fungal colonization levels (Actin RQ) determined by comparing C. 
fulvum actin transcript levels (a measure for fungal biomass) relative to tomato actin transcript levels 
(for equilibration) on MM-Avr2-A plants when compared to the progenitor line (MM-Cf-0) at 10 and 14 
DPI. The MM-Cf-0 at 10 DPI is set to 1. Bars represent the average and standard deviation of 
minimum three measurements and different letters above the data points represent significant (P 
<0.05) differences between means. 
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Figure 4. Silencing of Avr2 in Cladosporium fulvum Decreases Virulence on Tomato.  
(A) Quantitative real-time PCR of Avr2 transcript levels (Avr2 RQ) of a virulent wild-type (WT) race 5 
strain and three independent Avr2-silenced race 5 strains on MM-Cf-0 tomato plants. Avr2 transcript 
levels are shown in three independent Avr2-silenced C. fulvum transformants (Avr2-IR-A to -C) 
relative to C. fulvum actin transcript levels (for equilibration) when compared to the progenitor strain 
(Race 5 WT, set to 1) at 11 DPI. Different letters above the data points represent significant (P <0.05) 
differences between means. 
(B) Typical disease symptoms after inoculation of MM-Cf-0 tomato plants with the Avr2-silenced C. 
fulvum transformant Avr2-IR-A, as a representative example, when compared to the progenitor strain 
(Race 5 WT), monitored at 15 and 20 DPI.  
(C) Quantitative real-time PCR of fungal colonization (C. fulvum actin RQ) by comparing C. fulvum 
actin transcript levels (as a measure for fungal biomass) relative to tomato actin transcript levels (for 
equilibration) for three independent Avr2-silenced C. fulvum transformants (Avr2-IR-A to -C) when 
compared to the progenitor strain (Race 5 WT, set to 1) at 11 DPI. Different letters above the data 
points represent significant (P <0.05) differences between means. 
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Figure 5. Avr2-Expressing Plants Are More Susceptible to Verticillium dahliae and Botrytis 
cinerea.  
 (A) Typical appearance of Avr2-expressing tomato leaves (MM-Avr2-A) when compared to the 
progenitor line (MM-Cf-0) upon inoculation with B. cinerea at three DPI.  
(B) Microscopic observation of Avr2-expressing cleared tomato leaves (MM-Avr2-A) when compared 
to the progenitor line (MM-Cf-0) upon inoculation with B. cinerea at two DPI after staining of fungal 
hyphae and dead plant cells with Trypan blue.  
 (C) Typical appearance of Avr2-expressing tomato plants (MM-Avr2-A) when compared to the 
progenitor line (MM-Cf-0) upon inoculation with V. dahliae at two weeks post inoculation.  
 (D) Typical stunting induced by V. dahliae on three independent Avr2-expressing Arabidopsis lines 
(At-Avr2-A to -C) when compared to the progenitor line (Col-0) at two weeks post inoculation. 
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Figure 6. Active Cysteine Proteases Accumulate in the Tomato Apoplast Isolated From 
Cladosporium fulvum-Inoculated Leaves. 
Western blot of apoplastic fluids from tomato plants upon inoculation with C. fulvum at 0, 5 and 7 DPI 
upon treatment with the biotinylated cysteine protease inhibitor DCG-04 and isolation using 
streptavidin-coated beads. Active cysteine proteases were detected with streptavidin-coupled 
horseradish peroxidase (HRP). Prior to labeling with DCG-04, the extracts received no treatment 
(upper panel), or were treated with E-64 (middle panel) or Avr2 (lower panel). 
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Supplemental Figure 1. Characterization of Avr2-Expressing Arabidopsis Plants.  
(A, B) Typical appearance of three-week-old (A) and six-week-old (B) plants from three independent 
Avr2-expressing Arabidopsis lines (At-Avr2-A to -C) when compared to the progenitor line (Col-0).  
(C) Production of Avr2 in transgenic Arabidopsis plants (line At-Avr2-A as a representative example, 
right panel) when compared to the progenitor line (Col-0, left panel) demonstrated by injection of 
apoplastic fluid from those plants (total protein content of 1.3 μg/μL) into leaves of MM-Cf-2 tomato. 
The photograph was taken four days post injection.  
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Supplemental Figure 2. Avr2-Expressing Arabidopsis Is More Susceptible to the Fungal 
Pathogen Botrytis cinerea. 
(A) Typical symptoms caused by B. cinerea on four-week-old plants of three independent Avr2-
expressing Arabidopsis lines (At-Avr2-A to -C) at four DPI. Typical symptoms on the progenitor Col-0 
line and an Avr9-expressing transgenic line (At-Avr9) are shown as controls.  
(B) Average lesion diameter caused by B. cinerea on four-week-old plants of three independent Avr2-
expressing Arabidopsis lines (At-Avr2-A to -C), the progenitor Col-0 line, and an Avr9-expressing 
transgenic line (At-Avr9) at four DPI. Bars represent the mean with standard deviation and different 
letters indicate significant differences (P < 0.05). 
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Supplemental Figure 3. Characterization of Avr2-Expressing Tomato Plants.  
(A) Typical appearance of four-week-old plants from an Avr2-expressing tomato line (MM-Avr2) when 
compared to the progenitor line (MM-Cf-0).  
(B) Production of Avr2 in transgenic tomato (MM-Avr2-A), but not in the progenitor line (MM-Cf-0) 
demonstrated by injection of apoplastic fluid into a leaf of MM-Cf-2 tomato. A dilution series was made 
from a single stock containing 0.6 (red), 0.2 (blue), or 0.07 (yellow) μg total protein/μl, and the 
photograph was taken four days post injection.  
(C) Production of Avr2 in transgenic tomato (MM-Avr2-A) demonstrated by crossing to MM-Cf-2 
tomato. The cross resulted in viable seeds, but seedlings die soon after germination, around the time 
of appearance of the cotelydons. Seedlings from left to right: MM-Avr2-A, progeny of cross and MM-
Cf-2. 
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Supplemental Figure 4. Avr2-Expressing Tomato Is More Susceptible to Race 2 Cladosporium 
fulvum.  
(A) Quantitative real-time PCR of fungal colonization levels (Actin RQ) by a race 2 C. fulvum strain 
(race 2.4.5) determined by comparing C. fulvum actin transcript levels (a measure for fungal biomass) 
relative to tomato actin transcript levels (for equilibration) on two independent Avr2-expressing tomato 
lines (MM-Avr2-A and MM-Avr2-B) when compared to the progenitor line (MM-Cf-0, set to 1) at 11 
DPI. Bars represent the average and standard deviation of minimum three measurements and 
different letters above the data points represent significant (P <0.05) differences between means. 
(B) Quantitative real-time PCR of fungal colonization levels (Actin RQ) determined by comparing C. 
fulvum actin transcript levels (a measure for fungal biomass) relative to tomato actin transcript levels 
(for equilibration) MM-Avr2-A when compared to the progenitor line (MM-Cf-0, set to 1) when 
inoculated with another race 2 C. fulvum strain (race 2.5.9) at 20 DPI. Bars represent the average and 
standard deviation of minimum three measurements and different letters indicate significant 
differences (P < 0.05). 
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Supplemental Figure 5. Silencing of Avr2-Expression in Cladosporium fulvum Does not 
Compromise in Vitro Growth.  
(A) Micrograph of germinating C. fulvum conidia of the Avr2-silenced C. fulvum transformants (Avr2-
IR-A to –C) when compared to the progenitor strain (Race 5 WT) grown on potato dextrose agar 
(PDA) for 24 hours. The black bar indicates 50 µM. 
(B) Micrograph of germinating C. fulvum conidia of the Avr2-silenced C. fulvum transformants (Avr2-
IR-A to –C) when compared to the progenitor strain (Race 5 WT) grown on PDA for 4 days. The white 
bar indicates 50 µM. 
(C) Single spore culture of the Avr2-silenced C. fulvum transformants (Avr2-IR-A to –C) when 
compared to the progenitor strain (Race 5 WT) after 14 days of culturing on PDA. 
(D) Average hyphal length of germinating conidia after 24 hours on PDA for the Avr2-silenced C. 
fulvum transformants (Avr2-IR-A to –C) when compared to the progenitor strain (Race 5 WT). Bars 
represent the average and standard deviation for 30 conidia and different letters indicate significant 
differences (P < 0.05). 
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Supplemental Figure 6. Silencing of Avr2-Expression in Cladosporium fulvum Compromises 
Cf-2-Mediated Immunity.  
Typical appearance of MM-Cf-2 upon inoculation with the Avr2-silenced C. fulvum transformant Avr2-
IR-A, as a representative example, when compared to the progenitor strain (Race 5 WT), monitored at 
10 and 14 DPI. Note the strong epinastic response upon inoculation with the progenitor strain, but not 
upon inoculation with the Avr2-silenced transformant (upper panels).  
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Supplemental Figure 7. Avr2-Expressing Plants Are More Susceptible to Botrytis cinerea.  
Fungal colonization measured by counting of the number of elongated hyphae (> 100 µm) upon 
microscopic observation of Avr2-expressing cleared tomato leaves (MM-Avr2-A) when compared to 
the progenitor line (MM-Cf-0) after inoculation with B. cinerea at two DPI after staining of fungal 
hyphae with Trypan blue. Bars represent the average and standard deviation of minimum three 
measurements and different letters indicate significant differences (P < 0.05). 
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Supplemental Figure 8. Cf-2 Tomato Lacking Rcr3 Is Not More Susceptible to Race 2 
Cladosporium fulvum.  
(A) Typical disease symptoms on the adaxial and abaxial sides of MM-Cf-2/Rcr3 tomato and the 
mutant MM-Cf-2/rcr3-3 that is devoid of wild-type Rcr3 at 14 DPI. The adaxial side of MM-Cf-2/Rcr3 
shows enhanced C. fulvum-induced chlorosis when compared to MM-Cf-2/rcr3-3. On the abaxial side, 
more C. fulvum growth is observed on MM-Cf-2/Rcr3 than on MM-Cf-2/rcr3-3. 
(B) Quantitative real-time PCR of fungal colonization levels (Actin RQ) determined by comparing C. 
fulvum actin transcript levels (a measure for fungal biomass) relative to tomato actin transcript levels 
(for equilibration) on MM-Cf-2/rcr3-3plants when compared to the progenitor line (MM-Cf-2/Rcr3, set to 
1) at 14 DPI. Bars represent the average and standard deviation of minimum three measurements and 
different letters above the data points represent significant (P <0.05) differences between means.
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Supplemental Table 1. Primers Used In This Study. 

Primer name Sequence (5’-3’)1 Description 

PR1a-ClaI-F ATCGATATGGGATTTGTTCTCTTTTCACAATTG PR1a signal sequence (ClaI) 

PR1a-Avr2-F CACTCTTGCCGTGCCCAAAATGCCAAAAAACTACCTGGCTGC PR1a-Avr2 fusion 

Avr2-PR1a-R GCAGCCAGGTAGTTTTTTGGCATTTTGGGCACGGCAAGAGTG PR1a-Avr2 fusion 

Avr2-R TCAACCGCAAAGACCAAAACAG Avr2 expression 

PR1a-Avr4E-F CACTCTTGCCGTGCCCAAAATGATTTCTCGCGCGATTGCCCGC PR1a-Avr4E fusion 

Avr4E-PR1a-R GCGGGCAATCGCGCGAGAAATCATTTTGGGCACGGCAAGAGTG PR1a- Avr4E  fusion 

Avr4E-R CTATCTGTTTGCCATCCTCTC Avr4E expression 

PR1a-Ecp2-F CACTCTTGCCGTGCCCAAAATCGGAACGCTGGCAACTCGCCCGGCTC PR1a-Ecp2 fusion 

Ecp2-PR1a-R GAGCCGGGCGAGTTGCCAGCGTTCCGATTTTGGGCACGGCAAGAGTG PR1a-Ecp2 fusion 

Ecp2-R CTAGTCATCGTTGGACGGGTTG Ecp2 expression 

PR1a-Ecp4-F CACTCTTGCCGTGCCCAAAATGCCGACCCTTCCTTCCGCTTC PR1a-Ecp4 fusion 

Ecp4-PR1a-R GAAGCGGAAGGAAGGGTCGGCATTTTGGGCACGGCAAGAGTG PR1a-Ecp4 fusion 

Ecp4-R TTACGGGCAAGTGACCTGCAC Ecp4 expression 

PR1a-Ecp5-F CACTCTTGCCGTGCCCAAAATAGGGGCGACAATAAGCCCG PR1a-Ecp5 fusion 

Ecp5-PR1a-R CGGGCTTATTGTCGCCCCTATTTTGGGCACGGCAAGAGTG PR1a-Ecp5 fusion 

Ecp5-R CTATCCAGAACTCTGACAC Ecp5 expression 

oligo-dT TTGGATCCTCGAGTTTTTTTTTTTTTTTTTT Poly-T (NcoI and SacI)  

Nco-Avr2-F TTTTTTCCATGGATGAAGCTCTTCATACTG Avr2 inverted repeat (NcoI) 

Avr2-EcoRI-R2 GAATTCACCGCAAAGACCAAAACAG Avr2 inverted repeat (EcoRI) 

Avr2-NotI-R2 GCGGCCGCACCGCAAAGACCAAAACAG Avr2 inverted repeat (NotI) 

Avr2-(RT)-F ACCTTCATCTGGCTACTTAC C. fulvum Avr2  

Avr2-(RT)-R CGCAAAGACCAAAACAGC C. fulvum Avr2  

CF-GAPDH-F GGAAACCGGAACCGTTCAG C. fulvum actin  

CF-GADPH-R TGTTAGTGATCCCTTGTGATCCAA C. fulvum actin 

CF-Act CATCGGCAACGAGCGATT Tomato actin 

CF-Act TGGTACCACCAGACATGACAATG Tomato actin 



 

Table 1. Gene Set Enrichment Analysis (GSEA) of the Transcriptome of Four-Week-Old Unchallenged Avr2-Expressing Arabidopsis Plants. 

Description of gene set Sizea Tagb P-valuec FDR q-valued Reference 

Type III-induced genes of Pseudomonas syringae coronatine mutant 264 38% 0.000 0.000 Thilmony et al., 2006; Table S5 
P. syringae type III-induced genes  263 38% 0.000 0.000 Thilmony et al., 2006; Table S7 

SNARE interactions in vesicular transport  46 63% 0.000 0.000 KEGG pathway 

Ndr1-specific upon challenge with P. syringae expressing AvrRpt2 50 42% 0.000 0.001 Sato et al., 2007 

Alternaria (AAL) toxin-induced programmed cell death at 72 hr 92 25% 0.000 0.001 Gechev et al., 2004 

N-glycan biosynthesis  20 60% 0.003 0.003 KEGG pathway 

Alternaria (AAL) toxin-induced programmed cell death at 48 hr 92 24% 0.000 0.005 Gechev et al., 2004 

Alternaria (AAL) toxin-induced programmed cell death at 24 hr 87 21% 0.003 0.024 Gechev et al., 2004 

Nucleotide sugars metabolism  15 20% 0.029 0.047 KEGG pathway 

P. syringae coronatine-regulated genes  323 28% 0.000 0.053 Thilmony et al., 2006; Table S6 

Salicylic acid-repressed auxin signalling pathway  20 45% 0.036 0.075 Wang et al., 2007 

Glycan biosynthesis 19 47% 0.056 0.142 KEGG pathway 

Ribosome  180 59% 0.008 0.134 KEGG pathway 

PAMP-repressed genes 115 28% 0.019 0.137 Thilmony et al., 2006; Table S2 

Proteasome 40 40% 0.101 0.223 KEGG pathway 

E. coli strain O157:H7-induced genes 220 33% 0.042 0.253 Thilmony et al., 2006 

Metabolism of xenobiotics by cytochrome p450 17 47% 0.157 0.270 KEGG pathway 

Alternaria (AAL) toxin-induced programmed cell death at 7 hr 55 18% 0.110 0.260 Gechev et al., 2004 

Fusarium oxysporum Nep1 toxin-induced death  432 15% 0.047 0.323 Bae et al., 2006 

P. syringae regulated genes 154 27% 0.129 0.369 Thilmony et al., 2006; Table S2 

aNumber of genes present in the gene set or KEGG pathway after filtering out those genes not in the expression dataset. 

bThe percentage of gene hits before or after the peak in the running enrichment score, gives an indication of the percentage of genes contributing to the 
enrichment score. 
cNominal p-value, the statistical significance of the enrichment score. 
dFalse discovery rate q-value. 



 

Table 2. Active Cysteine Proteases Identified in Total Extracts of Arabidopsis Plants.  

Probe  DCG-04 (biotinylated E-64) 

Treatment  Non-inoculated 

Plant Genotype  Col-0 At-Avr2-A 

Competitor  No competitor Excess E-64 Excess Avr2 No competitor Excess E-64 Excess Avr2 

Protease XCP1 (O65493) 1 4 (2-0-1-1-0)4 - - - -  

XCP2 (Q9LM66) 11 (6-3-1-1-0) - - - -  

Cathepsin B (Q9ZSI0)2 12 (10-1-1-0-0) - 10 (6-1-1-1-1) 10 (10-0-0-0-0) - 11 (11-0-0-0-0) 

RD21A (P43297)  13 (12-1-0-0-0) - - 10 (9-1-0-0-0) - 3 (3-0-0-0-0) 

CPR1 (Q9LT77)3 5 (2-1-1-1-0) - - - -  

Aleurain (Q8H166)  9 (7-2-0-0-0) - - 21 (18-1-0-1-1) - 21 (19-0-0-1-1) 

Aleurain-like (Q8RWQ9) 7 (5-1-0-0-1) - - 4 (4-0-0-0-0) - 8 (7-1-0-0-0) 
1 Codes in between brackets are TrEMBL entry codes.   
2 The same peptides were identified for Cathepsin B (Q94K85). 
3 The same peptides were identified for pseudotzain (Q3EB42). 
4 Numbers in bold correspond to the amount of peptides observed that belong to the corresponding cysteine protease. Numbers in brackets show 
the position of the peptide in the cross-correlation scan list (from first through fifth rank, respectively). The filtering criteria were as described by 
Peng et al. (2003). 



 

Table 3. Active Cysteine Proteases Identified in Total Extracts of Tomato Plants.  

Probe  DCG-04 (biotinylated E-64) biotinylated Avr2 
Treatment  Non-inoculated  C. fulvum race 2 Non-inoculated 
Plant 
genotype 

 MM-Cf-0 MM-Avr2-A MM-Cf-0 MM-Cf-0 

Competitor  No competitor Excess 
E-64 

Excess Avr2 No competitor Excess 
E-64 

No competitor Excess 
E-64 

No 
competitor 

Excess 
E-64 

Protease Rcr3 
(TC128871)1 

5 (4-1-0-0-0)2 - - - - 13 (8-1-1-2-1) - 7 (6-1-0-0-0) - 

Pip1 
(TC118154) 

17 (17-0-0-0-0) - - 7 (6-1-0-0-0) - 53 (49-2-1-1-0) - 7 (7-0-0-0-0) - 

Cathepsin B 
(TC162008) 

4 (4-0-0-0-0) - 3 (3-0-0-0-0) 6 (6-0-0-0-0) - 3 (3-0-0-0-0) - - - 

Cathepsin B  
(TC162009) 

9 (9-0-0-0-0) - 7 (7-0-0-0-0) 11 (11-0-0-0-0) - 4 (4-0-0-0-0) - - - 

TDI65 
(TC124125) 

15 (15-0-0-0-0) - 7 (6-0-1-0-0) 18 (17-1-0-0-0) - 18 (12-3-3-0-0) - 3 (3-0-0-0-0) - 

Aleurain 
(TC116458) 

11 (11-0-0-0-0) - 9 (9-0-0-0-0) 12 (12-0-0-0-0) - 13 (10-2-0-1-0) - 2 (2-0-0-0-0) - 

Glycinain 
(TC124017) 

3 (2-1-0-0-0) - - - - - - - - 

1 Codes in between brackets are TIGR’s Tentative Consensus sequences.   
2 Numbers in bold correspond to the amount of peptides observed that belong to the corresponding cysteine protease. Numbers in brackets show 
the position of the peptide in the cross-correlation scan list (from first through fifth rank, respectively). The filtering criteria were as described by 
Peng et al. (2003).  
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Abstract  
The Cladosporium fulvum Avr2 effector is a novel type of cysteine protease inhibitor 
with eight cysteine residues that are all involved in disulfide bonds. We have 
produced wild type Avr2 protein in Pichia pastoris and determined its disulfide bond 
pattern. By site-directed mutagenesis of all eight cysteine residues we show that 
three of the four disulfide bonds are required for Avr2 stability. The six C-terminal 
amino acid residues contain a disulfide bond that is not embedded in the overall Avr2 
structure. Avr2 is not processed by the tomato cysteine protease Rcr3 and behaves 
as an uncompetitive inhibitor. Subsequently, we produced mutant Avr2 proteins in 
which selected amino acid residues were individually replaced by an alanine, or all 
six C-terminal amino acid residues were deleted. Of these Avr2 mutants we 
determined their affinity (Ki) for Rcr3 and their ability to trigger a Cf-2-mediated 
hypersensitive response (HR) in tomato. We found that the two C-terminal cysteine 
residues and the six amino acid C-terminal tail of Avr2 are required for Rcr3-inhibitory 
activity and the ability to trigger a Cf-2-mediated HR. Individual replacement of 
Lys17, Lys20, Tyr21 and Phe54 by alanine did not significantly affect the biological 
activity of Avr2. Overall, our data suggest that the affinity of the Avr2 mutants for 
Rcr3 is positively correlated with their ability to trigger a Cf-2-mediated HR.  
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Introduction 
Cladosporium fulvum (syn. Passalora fulva) is an asexual fungal pathogen causing 
leaf mould of tomato that complies with the gene-for-gene relationship (De Wit et al., 
2009; Stergiopoulos and De Wit, 2009; Thomma et al., 2005). The fungus penetrates 
tomato leaves through stomata and colonizes the apoplastic space. During infection 
and subsequent colonization of tomato the fungus secretes several small cysteine-
rich effectors known as Avrs (Avirulence proteins) and Ecps (extracellular proteins). 
The genes encoding these effectors have been cloned and for a number of them a 
role in fungal virulence has been demonstrated (Bolton et al., 2008; De Wit et al., 
2008; Stergiopoulos and De Wit, 2009; Thomma et al., 2005; Van Esse et al., 2007) 
Resistant tomato plants contain Cf genes that recognize the presence or activity of 
their cognate effectors and mediate an array of defense responses culminating in the 
hypersensitive response (HR) (De Wit et al., 2008). The Cf-2, Cf-4, Cf-4E and Cf-9 
genes which mediate recognition of Avr2, Avr4, Avr4E and Avr9, respectively, have 
been cloned (Dixon et al., 1996; Jones et al., 1994; Takken et al., 1999; Thomas et 
al., 1997). 
The Avr2 effector is a virulence factor of C. fulvum that inhibits tomato cysteine 
proteases including Rcr3, Pip1, aleurain and TDI-65 which are important for basal 
host defense (Krüger et al., 2002; Rooney et al., 2005; Schipper et al., 2009; Shabab 
et al., 2008; Van Esse et al., 2008). Avr2 can also increase the virulence of other 
fungal pathogens such as Botrytis cinerea and Verticillium dahliae, as could be 
shown on tomato and Arabidopsis thaliana transgenic for Avr2 (Van Esse et al., 
2008). In the presence of Cf-2, Avr2 behaves as an avirulence factor that triggers Cf-
2-mediated HR that also requires Rcr3pim (required for C, fulvum resistance), a 
cysteine protease originating from Lycopersicon pimpinellifolium (Krüger et al., 2002; 
Rooney et al., 2005).  
The Avr4 effector is a virulence factor of C. fulvum with a functional chitin-binding 
domain that protects chitin present in fungal cell walls against plant chitinases (Van 
den Burg et al., 2006; Van den Burg et al., 2004; Van den Burg et al., 2003; Van 
Esse et al., 2007). In the presence of Cf-4, Avr4 behaves as an avirulence factor that 
triggers Cf-4-mediated HR (Joosten et al., 1994). 
The virulence function of Avr4E is not known yet. In the presence of Cf-4E, Avr4E 
behaves as an avirulence factor that triggers Cf-4E-mediated HR (Westerink et al., 
2004).  
The Avr9 effector contains a cystine knot with structural but, so far, no functional 
homology to carboxypeptidase inhibitor (Van den Ackerveken et al., 1993; Van den 
Hooven et al., 2001; Van Kan et al., 1991; Vervoort et al., 1997). Disruption of Avr9 in 
C. fulvum did not affect virulence on tomato plants, suggesting that it is not required 
for full virulence (Marmeisse et al., 1993). Expression of Avr9 in vitro is induced 
under nitrogen-limiting conditions (Pérez-Garcia et al., 2001; Thomma et al., 2006; 
Van den Ackerveken et al., 1994) and an Nrf1 gene (for nitrogen responsive factor) 
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has been identified in C. fulvum. Nrf1 deletion mutants no longer express Avr9 under 
nitrogen-limiting conditions in vitro and are compromised in their virulence on Cf-0 
tomato plants (Thomma et al., 2006). However, these mutants are still avirulent on 
Cf-9 tomato plants, suggesting that Nrf1 is a major, but not the only positive regulator 
of Avr9 expression (Pérez-Garcia et al., 2001). Expression of all other known Avr and 
Ecp effector genes of C. fulvum is not induced under nitrogen-limiting conditions 
(Bolton et al., 2008; Thomma et al., 2006) indicating that nitrogen-limitation is not a 
general environmental condition that induces effector genes of C. fulvum (Bolton and 
Thomma, 2008).  
All Avr effectors trigger Cf-mediated HR, which could suggest a direct interaction 
between effector and Cf receptor protein. However, using different biochemical 
approaches direct interaction between the Cf-9 protein and the Avr9 effector could 
not been shown (Luderer et al., 2001). Avr9 binds to a high-affinity binding site 
(HABS) that could represent a virulence target that is guarded by the Cf-9 protein 
(Kooman-Gersmann et al., 1996; Kooman-Gersmann et al., 1998). Expression of the 
Avr4 gene in tomato plants without the Cf-4 gene does not induce or suppress  
expression of host genes suggesting that Avr4 is a defensive virulence factor that 
protects the penetrating fungus against deleterious effects of plant chitinases rather 
than attacking the host plant itself (Van Esse et al., 2009). As plants containing the 
Cf-4 resistance protein respond with a strong HR, a direct interaction between Avr4 
and Cf-4 mediating this response is suggested, although not yet confirmed 
experimentally. 
The interaction between Avr2 and Rcr3 triggers Cf-2-mediated HR which fits the 
guard hypothesis with Rcr3 as the guardee and Cf-2 as the guard that becomes 
alerted by Rcr3 after binding to Avr2 (Van der Biezen and Jones, 1998). We have 
previously shown that Avr2 binds to, and inhibits, the cysteine protease Rcr3, 
although the detailed mechanism of action is not fully understood (Rooney et al., 
2005).  
Cysteine proteases are endopeptidases that use a cysteinyl thiol group for their 
catalytic activity and belong to the C-clan that harbors several families (Rawlings et 
al., 2004). The majority of the members of the CA-1 subfamily of cysteine proteases 
is of plant origin and is referred to as papain-like cysteine proteases (PLCPs) as they 
show similarity to papain, a well studied cysteine protease present in latex of papaya 
(Carica papaya) (Van der Hoorn, 2008). PLCPs are involved in important 
physiological and cellular processes, including organogenesis, the turnover of 
storage proteins, programmed cell death, tolerance to abiotic stress, and defense 
against herbivorous predators and microbial pathogens (Hatsugai et al., 2004; 
Kiyosaki et al., 2009; Van der Hoorn, 2008). PLCPs have similar folds containing a 
cysteine and histidine residue in their catalytic centre, which consists of seven 
subsites (S1 to S4  and S’1 to S’3) each accommodating a side-chain of a 
corresponding amino acid residue (P1 to P4 and  P’1 to P’3) of the peptide substrate or 
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peptide inhibitor (Turk et al., 1998) (Figure 1). The peptide bond of the substrate is 
cleaved between amino acid residue P1 and P’

1. The S2 subsite of PLCPs determines 
the substrate specificity and has a preference for a non-polar bulky hydrophobic 
amino acid residue in the P2 subsite of the substrate or peptide inhibitor with a strong 
preference for phenylalanine or tyrosine and a slightly lower preference for amino 
acids like valine, leucine or isoleucine, whereas the S3 and S1 subsites are conserved 
(Lecaille et al., 2002; Pauly et al., 2003; Somoza et al., 2000).  
Phytocystatins are plant proteinaceous inhibitors of CA-1 subfamily of cysteine 

proteases (MEROPS peptidase database, http:merops.sanger.ac.uk; (Rawlings et 
al., 2010). They share three motifs involved in the interaction with their target 
enzymes including (i) the reactive site QxVxG, (ii) one or two glycine residues in the 
N-terminal part, and (iii) a tryptophan residue located downstream of the reactive site. 
Most phytocystatins have a molecular mass between 12 and 16 kDa and lack 
disulfide bonds (Martinez and Diaz, 2008). Phytocystatins form tight, reversible 
complexes with cysteine proteases and act as pseudosubstrates that enter the active 
site cleft of target enzymes and cause inhibition.  
The oomycete pathogen Phytophthora infestans  secretes a number of protease 
inhibitors with similarity to cystatins including Epic1 and Epic2B that also interact 
with, and inhibit, Pip1 and Rcr3 (Shabab et al., 2008; Song et al., 2009; Tian et al., 
2007).  
Based on its amino acid sequence, the C. fulvum cysteine protease inhibitor Avr2 
cannot be classified as a typical phytocystatin. Phytocystatins lack disulfide bonds, 
whereas Avr2 contains eight cysteine residues that are likely involved in disulfide 
bonds as is the case for many other non-cystatin protease inhibitors which may 
contain between one and five disulfide bonds (Rawlings et al., 2004). It is difficult to 
classify protease inhibitors based on sequence information as reactive-site residues 
of inhibitor domains are often not conserved in a way similar to active-site residues 
present in target proteases. Moreover, some protease inhibitors contain multiple 
inhibitor domains that can be targeted to different classes of proteases (Rawlings et 
al., 2004).  
However, if we assume that Avr2 enters the active site cleft of Rcr3, with a 
preference for a non-polar bulky hydrophobic amino acid residue in the P2 subsite of 
Avr2 to interact with the S2 subsite of Rcr3, apart from individually substituting the 
eight cysteine residues in Avr2 by alanine, individual substitution of Lys17, Lys20, 
Tyr21 and Phe54 residues by alanine might also affect the inhibitory activity of Avr2.   
Here, we report on the overall structure of Avr2 and show that it is a novel type of 
cysteine protease inhibitor with eight cysteine residues that are all involved in 
disulfide bonds. We have produced wild type Avr2 protein in Pichia pastoris and 
determined its disulfide bond pattern. By site-directed mutagenesis of the eight 
cysteine residues we show that three of the four disulfide bonds are required for Avr2 
stability. Avr2 is not processed by Rcr3 and it behaves as an uncompetitive inhibitor 
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of Rcr3 cysteine protease. Subsequently, we produced mutant Avr2 proteins in which 
four selective amino acid residues were replaced by alanine, or the six C-terminal 
amino acid residues were deleted. Of these Avr2 mutants we determined their affinity 
(Ki) for Rcr3 and their ability to trigger a Cf-2-mediated HR. We found that the two C-
terminal cysteine residues and the six amino acid C-terminal tail of Avr2 are required 
for Rcr3 inhibitory activity and the ability to trigger a Cf-2-mediated HR. Individual 
replacement of Lys17, Lys20, Tyr21 and Phe54 by alanine did not significantly affect 
the biological activity of Avr2. Overall, our data suggest that the affinity of Avr2 
mutants for Rcr3 is positively correlated with their ability to trigger a Cf-2-mediated 
HR.  
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Results 
Avr2 contains four disulfide bonds. 
Wild type Avr2 tagged at the N-terminus with six histidine residues and Flag 
(His::Flag::Avr2) containing an enterokinase cleavage site behind the Flag signature 
was produced in a fermentor by Pichia pastoris in a similar fashion as described 
previously (Rooney et al., 2005; Van den Burg et al., 2001) and purified on a Ni-NTA 
column (Figure 2A). The His-Flag-tag was removed with enterokinase and the 
reaction products were separated by analytical RP-HPLC in order to obtain mature 
untagged Avr2. The molecular mass of purified wild type Avr2, as determined by 
MALDI-TOF MS analysis, was 6085 Daltons, which suggests that all cysteine 
residues present in wild type Avr2 are involved in intramolecular disulfide bonds. This 
could be verified by showing that the molecular mass of completely reduced Avr2 
increased by eight Dalton (6093 Dalton).   
 
Disulfide mass mapping of Avr2. 
In order to determine the disulfide bond pattern of Avr2, disulfide mass mapping 
using cyanylation and CN-induced cleavage by  hydroxide or ammonia was 
performed as described (Wu and Watson, 1998). First, Avr2 was partially reduced 
with a 18-fold molar excess of Tris-(2-carboethyl)phosphine hydrochloride (TCEP). 
Subsequently, Avr2 was cyanylated with a 300-fold molar excess of 1-cyano-4-
dimethylamino-pyridium tetrafluoroborate (CDAP), cleaved by ammonia, and the 
products were separated by RP-HPLC.  Two singly reduced cyanylated Avr2 species 
were obtained in which the presence of disulfide bonds between Cys7-Cys33 and 
Cys53-Cys57 could be assigned by mass determination after CN-induced cleavage. 
The disulfide bonds of doubly reduced species could not be assigned in this way, but 
were determined by a combination of partial reduction with TCEP and alkylation with 
N-ethylmaleimide (NEM) followed by separation on RP-HPLC and digestion with 
Staphylococcus aureus endoprotease GluC which cleaves directly C-terminal of a 
glutamic acid residue. Mass determination of the obtained products showed that the 
two remaining disulfide bonds are present between Cys12-Cys52 and Cys29-Cys43. 
The complete disulfide bond pattern of Avr2 is shown in Figure 2 B. The disulfide 
bonds between Cys7-Cys33, Cys12-Cys43 and Cys29-Cys52 in Avr2 provide a very 
compact and stable structure which is presumably difficult to be digested by 
extracellular plant proteases that are present in the apoplastic space of tomato 
leaves. The C-terminal Cys53-Cys57 disulfide bond is not embedded in the overall 
Avr2 structure and presumably does not contribute significantly to Avr2 stability, but 
might still be important for Rcr3-inhibitory activity. The overall disulfide bond pattern 
of Avr2 is different from disulfide patterns reported for two other C. fulvum effectors. 
Avr9 contains a cystin knot structure (Van den Hooven et al., 2001), whereas Avr4 
contains a chitin-binding domain structure (Van den Burg et al., 2003). The overall 
disulfide bond pattern observed in Avr2 also occurs in members of a serine protease-
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inhibiting peptide family isolated from arthropods, although the cysteine spacing 
pattern present in members of this family is different from Avr2 (Simonet et al., 2002). 
 
Production of mutant Avr2 proteins. 
We decided to generate mutations in Avr2 by amino acid substitutions and deletions 
in areas of the protein that might be involved in cysteine protease binding and 
cysteine protease inhibition. We substituted all cysteine residues individually by 
alanines and deleted the C-terminal six amino acids. In addition, Tyr20 and Phe54 
were selected to be replaced by alanines as they might function as P2 subsite to 
occupy the S2 subsites of Rcr3. Lys17 and Lys20 were chosen as many cystatins are 
lysine-rich (Martinez and Diaz, 2008). Figure 2C shows an overview of the amino 
acid substitutions and the C-terminal deletion that were introduced in the various 
mutant Avr2 proteins through PCR-based site-directed mutagenesis of the Avr2 
gene. Wild type and mutant versions of the Avr2 gene were cloned into the 
expression vector pPIC9 and transformed into the yeast Pichia pastoris. Wild type 
and mutant Avr2 proteins produced in P. pastoris were purified, analyzed and 
quantified by SDS-PAGE (Figure 3). Mutant Avr2 proteins with the following amino 
acid substitutions could be produced in sufficient amounts: Avr2-Lys17>Ala, Avr2-
Lys20>Ala, Avr2-Tyr21>Ala, Avr2-Cys53>Ala, Avr2-Phe54>Ala, Avr2-Cys57>Ala and 
the Avr2 mutant lacking all six C-terminal amino acid residues (Avr2-Cys53Xxx). 
Substitution of all cysteine residues by alanines, except for residues Cys53 and 
Cys57, resulted in unstable Avr2 proteins that could not be produced in sufficient 
amounts in P. pastoris. Equal amounts of mutant Avr2 proteins were used for 
determining their inhibitory activity towards Rcr3 and their ability to trigger a Cf-2-
mediated HR.  
 
Inhibitory activity toward Rcr3 of wild type Avr2 and mutant Avr2 proteins. 
Previously, it was shown that wild type Avr2 is not a substrate for Rcr3 as the overall 
mass of wild type Avr2 did not change after prolonged incubation with Rcr3 (Rooney 
et al., 2005). Thus it is anticipated that Avr2 interacts with Rcr3 by an irreversible 
trapping or a reversible tight-binding reaction. To determine which type of interaction 
occurs we performed a Lineweaver-Burk plot analysis. In this analysis we used a 
constant Rcr3 concentration and varying concentrations of the green fluorescent 
casein substrate (Bodipy FL-casein) at four different concentrations of Avr2. Avr2 
shows an inhibition pattern that is most similar to that of un-competitive inhibition, as 
both the Vmax and Km of Rcr3 are affected at different concentrations of Avr2 (Figure 
4). The pattern observed for 40 nM Avr2 is fairly similar to that observed for 20 nM 
Avr2 indicating that at 20 nM Avr2 nearly all binding are occupied and increasing the 
avr2 concentration has only minor affects. Uncompetitive inhibition means that Avr2 
only binds to the Rcr3-substrate complex outside the active centre. This is also in 
agreement with the finding that Avr2 is not a substrate of Rcr3.   
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We also measured the affinity (Ki value) of wild type and the different Avr2 mutants 
for Rcr3 by measuring the rest proteases activity at constant Bodipy FL-casein 
substrate concentration after incubation with varying concentrations of wild type or 
mutant Avr2 peptides for 24 hours. The Ki value for wild type Avr2 was 16.1 nM and 
the Ki values for the various mutant Avr2 peptides varied between 20 and 1444 nM 
(Figure 5). Substitution of Cys53, Phe54 or Cys57 by alanines increased the Ki value 
approximately five-fold, whereas deletion of all six C-terminal amino acid residues 
increased the Ki value more than 70-fold. Individual  substitution of the Lys17, Lys20 
or Tyr21 residue in Avr2 by alanines did not significantly change the Ki value towards 
Rcr3 as compared to wild type Avr2, suggesting that these residues are not crucial 
for affinity of Avr2 for Rcr3.  
 
Cf-2-mediated HR triggered by wild type and mutants of Avr2 
The mutant Avr2 peptides with various affinities for Rcr3 were also assayed for their 
ability to trigger a Cf-2-mediated HR in tomato. Equal amounts (100 μl of 2µM) were 
injected in Cf-2 tomato plants and occurrence of the Cf-2-mediated HR was scored 3 
days post injection (Figure 6). The Cf-2-mediated HR triggered by wild type Avr2 and 
various Avr2 mutants varied significantly. Of the cysteine residues in Avr2 that were 
substituted by alanines, only results for Cys53>Ala and Cys57>Ala substitutions 
could be obtained as from the Avr2 mutants in which the individual substitutions 
Cys7>Ala, Cys12>Ala, Cys29>Ala, Cys33>Ala, Cys43>Ala and Cys52>Ala were 
introduced no sufficient amounts of Avr2 mutant proteins could be produced in P. 
pastoris, most likely due to reduced protein stability. The Cf-2-mediated HR-inducing 
activities of Avr2 mutant peptides in which one amino acid residue in the C-terminal 
part was substituted by an alanine (Avr2-Cys53>Ala, Avr2-Cys57>Ala and Avr2- 
Phe54>Ala mutants), were significantly lower when compared with the activity of the 
Avr2 wild type. Deletion of all six C-terminal amino acid residues in Avr2 abolished 
Cf-2-mediated HR-inducing activity nearly completely. 
Substitution of the amino acid residues Lys17, Lys20 or Tyr21 by alanine (Avr2-
Lys17>Ala, Avr2-Lys20>Ala and Avr2-Tyr21>Ala) did not significantly change the Cf-
2-mediated HR-inducing activity. Altogether these results (shown in Figure 6), 
combined with the observed Ki values (shown in Figure 5), indicate that there is a 
positive correlation between the affinity of the Avr2 mutants for Rcr3 and their ability 
to trigger a Cf-2-mediated HR.  
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Discussion 
MALDI-TOF MS analysis showed that all eight cysteine residues present in the 
cysteine protease inhibitor Avr2 are involved in disulfide bonds. Disulfide bonds are 
formed between Cys7-Cys33, Cys12-Cys43, Cys29-Cys52 and Cys53-Cys57. Three 
of these bonds (Cys7-Cys33, Cys12-Cys43 and Cys29-Cys52) are required for Avr2 
stability, and indirectly also for its inhibitory activity against the cysteine protease 
Rcr3 and its ability to trigger a Cf-2-mediated HR. The spacing pattern between the 
cysteine residues of Avr2 has not been found so far in protein structure data bases. 
However, a different cysteine spacing, but similar overall disulfide bond pattern, has 
been observed in members of a serine protease-inhibiting peptide family isolated 
from arthropods (Simonet et al., 2002).  
Individual substitution of cysteine residues Cys7, Cys12, Cys29, Cys33, Cys43 or 
Cys52 by alanines strongly affected the stability of the Avr2 protein and this was the 
reason why we could not produce these Avr2 mutant proteins in sufficient amounts in 
P. pastoris for detailed biological studies. Substitution of the cysteine residues 
forming the disulfide bond between Cys53 and Cys57 in the C-terminus of Avr2 by 
alanines did not affect the stability of the corresponding mutant proteins, but showed 
a reduction in both their Rcr3-inhibitory activity and their ability to trigger a Cf-2-
mediated HR. In addition, deletion of the six C-terminal amino acid residues of Avr2 
showed a decrease in Rcr3 inhibition and Cf-2-dependent HR-inducing activity of 
over 100-fold. This indicates that the C-terminal part of Avr2 is crucial for biological 
activity and most likely interacts with Rcr3. In order to find direct evidence for this 
interaction we performed MALDI-TOF MS analysis of Rcr3 in the presence of 
biotinylated Avr2 and tried to detect the Rcr3-Avr2 complex in co-immunoprecipitions 
in order to determine the site of interaction. However, we were able identify 
fragments of Rcr3 after trypsin digestion but we could not identify Rcr3-Avr2 
fragments indicating that the interaction between Rcr3 and Avr2 is reversible which 
makes it difficult or even impossible to identify the interaction site between Rcr3 and 
Avr2 by mass spectrometry.     
Amino acid substitutions outside the C-terminal part of Avr2 other than cysteines did 
neither change the affinity of Avr2 mutants for Rcr3 nor their Cf-2-mediated HR-
inducing activity.  
As the Avr2 amino acid sequence and overall structure is distinct from other known 
protease inhibitors like E64 and cystatin, we studied the interaction between Rcr3 
and wild type Avr2 in more detail. We performed inhibitor assays at four different 
concentrations of Avr2, constant Rcr3 concentrations and varying Bodipy FL-casein 
substrate concentrations. The data presented in a Lineweaver-Burk plot (Figure 4) 
showed that Avr2 is clearly not a competitive cysteine protease inhibitor but rather 
behaves as an uncompetitive inhibitor. This indicates that Avr2 most likely only binds 
the Rcr3-substrate complex outside the catalytic centre of Rcr3 and affects both Vm 
and Km. We used Bodipy FL-casein as an artificial substrate to measure enzymatic of 
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Rcr3, as the native substrate in tomato for Rcr3 is not known. The Ki values of wild 
type and mutant Avr2 proteins towards Rcr3 are negatively correlated with Avr2-
triggered Cf-2-mediated HR. Thus, the lower the affinity of Avr2 mutants for Rcr3, the 
lower the Cf-2-mediated HR-inducing activity. As Avr2 does not bind to the catalytic 
centre of Rcr3 this suggests that conformational changes of Rcr3 induced by binding 
of Avr2 trigger the Cf-2-mediated HR. This is in agreement with the observation that 
the Lycopersicon esculentum variant of Rcr3 (Rcr3esc) can trigger a Cf-2-mediated 
HR in an Avr2-independent manner. Rcr3esc differs from Rcr3pim in only a few amino 
acids and these seem to be sufficient to cause a conformational change in the 
protein to trigger a Cf-2-mediated HR in an Avr2-independent manner. 
A similar finding was reported for the affinity of Avr9 mutant peptides for a high-
affinity binding site (HABS) and Avr9-triggered Cf-9-medited HR (Kooman-Gersmann 
et al., 1998). Alanine scanning mutants of Avr9 with the lowest affinity for the HABS 
showed the lowest Cf-9-mediated HR-inducing activity.  
In conclusion, Avr2 is a potent cysteine protease inhibitor that is different from other 
known cysteine protease inhibitors like the phytocystatins (Rawlings et al., 2004). 
During evolution, Avr2 is required by C. fulvum to inhibit various extracellular plant 
cysteine proteases including Rcr3 and Pip1 to enable the pathogen to grow in the 
cysteine protease-rich environment of the apoplast of tomato. Indeed, it has been 
shown that Avr2 behaves as a genuine virulence factor of C. fulvum in the absence 
of the Cf-2 protein (Van Esse et al., 2008) and as an avirulence factor in the 
presence of the Cf-2 protein (Rooney et al., 2005). 
Recently it was reported that P. infestans, a pathogen of tomato and potato, secretes 
two cystatin-like protease inhibitors, Epic1 and Epic2B, that both interact with, and 
inhibit Rcr3 but fail to trigger a Cf-2-mediated HR (Song et al., 2009). Also inhibition 
of Rcr3 by the irreversible inhibitor E-64 does not trigger a Cf-2-mediated HR 
(Rooney et al., 2005). This shows that inhibition of Rcr3 can be achieved by different 
cysteine protease inhibitors but that only the interaction with Avr2 triggers Cf-2-
mediated HR, indicating that the conformational change in Rcr3 induced by Avr2 is 
different from those induced by cystatins, Epic1, Epic2B and E-64.  These data also 
indicate that Avr2 is a unique cysteine protease inhibitor and that its interaction with 
Rcr3 results in a unique conformational change that is recognized by Cf-2. Interaction 
of the C-terminal tail of Avr2 with Rcr3 is most likely, but so far we were not able to 
identify the interaction site between Avr2 and Rcr3 by mass spectrometry. 
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Materials and methods  
Plasmid constructs used for Pichia pastoris protein expression.  
Plasmids for expression of Rcr3, wild type Avr2 and mutant Avr2 proteins in Pichia 
pastoris, were generated as described before (Rooney et al., 2005). Throughout this 
study the Rcr3 pimpinellifolium (Rcr3pim) isoform was used.  
 
Mutant Avr2 peptide production in Pichia  pastoris 
Pichia pastoris strain GS115 (Invitrogen) was transformed with plasmids encoding 
different mutant Avr2 peptides. The tags and the various mutants introduced in Avr2 
are indicated in Figure 2 A and the different primers used to introduced the mutations 
are shown in Table I. The vector pPIC9 (Invitrogen) is used for secretion of the 
proteins in the culture medium. Transformants were analyzed by Tricine SDS-PAGE, 
and stained with Coomassie Brilliant Blue or analyzed on western blots, using 
antibodies (anti-Flag or anti-Avr2) against the tagged proteins. Transformants 
expressing significant amounts of the different Avr2 proteins were selected for 
fermentation. Fermentation was performed as previously described (Rooney et al., 
2005). The tagged proteins were subsequently purified on a Ni-NTA column and 
fractions containing pure protein were pooled and dialyzed against water. For mass 
spectrometric analysis of Avr2 the His-Flag tag was removed by treatment with 
enterokinase. Protein concentrations were determined by BCA protein assay (Pierce 
artno: 23225). Purified wild type and Avr2 mutants were tested for their Rcr3 
inhibitory activity and their potential to trigger a Cf-2-mediated HR. Plants were 
monitored for HR development 3 to 5 days post injection. 
 
Determination of apparent equilibrium dissociation constants. 
For a selection of Avr2 mutant proteins which showed an altered Cf-2-mediated HR, 
their apparent equilibrium dissociation constants (Ki) for Rcr3 was determined by 
titration of the enzymes using curve fitting software as described (Annadana et al., 
2003). For determination of the Ki, different concentrations of each Avr2 mutant 
protein were added to Rcr3 and the remaining Rcr3 enzyme activity was measured 
by using Bodipy FL-casein as a substrate in presence of 10 mM L-cysteine, 50 mM 
NaAcetate, pH 5.0 (Annadana et al., 2003). The fluorescence was measured in a 
fluorescence microplate reader with standard fluorescein excitation filters at 485 ± 
12.5 nm and emission at 530 ± 15 nm. All Ki measurements were performed in 
triplicate. Fluorescence values were fitted to the Ki modeling (Beekwilder et al., 
2000). 
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Lineweaver-Burk plots 
The Vmax and Km of Rcr3 were measured indirectly, by determining Rcr3 activity 
under various substrate and Avr2 concentrations. The effects of different Avr2 
concentrations on Rcr3 activity were visualized using Lineweaver-Burk plots allowing 
to draw conclusions on the mode of inhibition (competitive, un-competitive, non-
competitive or mixed), where competitive inhibitors affect Km, non-competitive 
inhibitors affect Vmax and un-competitive inhibitors affect both Vmax and Km, and mixed 
inhibitors show intermediate patterns. For each Avr2 concentration a fixed Rcr3 
concentration was used and the Bodipy FL-casein substrate was varied. All tests 
were performed in 10 mM L-cysteine, 50mM NaAcetate, pH 5.0. All samples were 
measured 0, 2, 4, 6 and 24 hours after incubation at room temperature. 
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Figure and figure legends. 

 

Figure 1. Schematic representation of the active centre of papain-like cysteine proteases (PLCPs) 
showing seven enzyme subsites S1 to S4 and  S’1 to S’3, each capable of accommodating a side-chain 
of a corresponding amino acid residue of a peptide substrate or peptide inhibitor, P1 to P4 and  P’1 to 
P’3. The arrow indicates the peptide bond between P1 and S’1 that is hydrolyzed during catalysis. S2 
determines specificity of PLCPs (according to Turk et al., 1998). 
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Figure 2A.  Amino acid sequence of wild type Avr2 protein (residue 1-58) including the His 
(HHHHHH) and the Flag (DYKDDDDK) tags at the N-terminus. The enterokinase site is indicated by a 
triangle. 
 

 

Figure 2B. The disulfide bond pattern of wild type Avr2 as determined by disulfide mapping combined 
with MALDI-TOF MS analysis. The disulfide bonds between the cysteine residues are indicated as 
solid lines. 
 
 

 

Figure 2C. Amino acid substitutions introduced in the wild type His-Flag tagged Avr2 protein. 
Underlined amino acid residues have been substituted by alanine. The constructs encoding mutant 
versions of Avr2 were produced in Pichia pastoris. One mutant Avr2 was produced lacking the six C-
terminal amino acid residues (indicated in bold) leading to a 52-amino acid mutant Avr2 protein. For 
His-Flag tag see legends of Figure 2A. 
 

 

 

 
 
 
 

1 10 20 30 40 50 58
HHHHHHDYKDDDDK A K K L P G C D K D P C K V K E K S G K Y K L K I G A K C S A T C D G K L T R G G T C E N V Q G N H L C C F G L C G

1 10 20 30 40 50 58
A K K L P G C D K D P C K V K E K S G K Y K L K I G A K C S A T C D G K L T R G G T C E N V Q G N H L C C F G L C G

1 10 20 30 40 50 58
HHHHHHDYKDDDDK A K K L P G C D K D P C K V K E K S G K Y K L K I G A K C S A T C D G K L T R G G T C E N V Q G N H L C C F G L C G
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Figure 3. SDS-PAGE of wild type His-Flag-tagged wild type Avr2 and mutant Avr2 proteins 
containing various amino acid substitutions or a C-terminal deletion of six amino acids (Cys 
53>Xxx).  
Equal amounts of protein (as indicated) were loaded on the gel; proteins were stained with Coomassie 
Brilliant Blue and identified by western blot analysis using anti-Flag and anti-Avr2 antibodies. 
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Figure 4. Lineweaver–Burk plot analysis.  
Rcr3 activity was measured at four different concentrations of Avr2 (0, 10, 20 and 40 μM) at four 
different concentrations 230, 460, 920 and 1840 nM of the substrate Bodipy FL-casein for 24hrs at RT. 
The observed inhibition pattern is most similar to un-competitive inhibition. 
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Figure 5. The affinity of wild type and mutant Avr2 proteins for Rcr3.  
Wild type or mutant Avr2 proteins were incubated at different concentrations with constant 
concentrations of Rcr3 and the substrate Bodipy FL-casein. The rest activity of Rcr3 was measured 
and the Ki values (indicated in the insert) were determined as described in Materials and Methods.   
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Figure 6. Cf-2-mediated HR activities triggered by wild type and mutant Avr2 proteins produced 
in P. pastoris.  
Photograph was taken three days post injection of 100 μl of an aqueous solution containing 2μM of 
wild type or mutant Avr2 protein as indicated in photograph. Note that only mutations in the six C-
terminal part of Avr2 did significantly affect the Cf-2-mediated HR activities. Deletion of the six C-
terminal amino acid residues of Avr2 abolished Cf-2-mediated HR activity nearly completely. (compare 
also Cf-2-mediated HR-inducing activities with Ki values presented in Figure 5). 
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Table 1. Primers used in this study.  
Primer codes should be read as follows; A2 stands for Avr2, next four characters indicate the amino 
acid residue and its position in the Avr2 protein sequence to be substituted by alanine, except for 
A2C53XF and A2C53XR which leads to a protein with a C-terminal six amino acid deletion. 
F and R stand for forward and reverse primer sequence.   
 
Code Sequence 

A2K17AF GTGAAGGAGGCGTCTGGAAAG 

A2K17AR CTTTCCAGACGCCTCCTTCAC 

A2K20AF GGAGAAGTCTGGAGCGTATAAATTG 

A2K20AR CAATTTATACGCTCCAGACTTCTCC 

A2Y21AF GGAGAAGTCTGGAAAGGCTAAATTGAAG 

A2Y21AR CTTCAATTTAGCCTTTCCAGACTTCTCC 

A2C29AF GATTGGTGCTAAAGCCTCGGCGACATGTG 

A2C29AR CACATGTCGCCGAGGCTTTAGCACCAATC 

A2C33AF GGTGCTAAATGCTCGGCGACAGCTGACGGG 

A2C33AR CCCGTCAGCTGTCGCCGAGCATTTAGCACC 

A2C52AR GGGTAATCACCTTGCCTGTTTTGGTCTTTGCGG 

A2C52AF CCGCAAAGACCAAAACAGGCAAGGTGATTACCC 

A2C53AR GGGTAATCACCTTTGCGCTTTTGGTCTTTGCGG 

A2C53AF CCGCAAAGACCAAAAGCGCAAAGGTGATTACCC 

A2F54AF CACCTTTGCTGTGCTGGTCTTTGC 

A2F54AR GCAAAGACCAGCACAGCAAAGGTG 

A2C57AR CCTTTGCTGTTTTGGTCTTGCCGGTTGATGATACG 

A2C57AF CGTATCATCAACCGGCAAGACCAAAACAGCAAAGG 

A2C53XF GGGTAATCACCTTTGCTGATAGTGAGAATTCCG 

A2C53XR CGGAATTCTCACTATCAGCAAAGGTGATTACCC 
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Early studies on the interactions between tomato (Solanum lycopersicum) and both 
the fungal pathogen Cladosporium fulvum and the oomycete pathogen Phytophthora 
infestans have revealed that high levels of pathogenesis-related (PR) proteins 
accumulate in the apoplast of the host upon infection (Kombrink et al., 1990; Joosten 
and De Wit, 1988).  
Some of these PR proteins display enzymatic activity acting directly on these 
pathogens, for instance by degrading particular cell wall components (Van Loon et 
al., 2006; Ferreira et al., 2007), whereas several secreted pathogen effectors function 
as inhibitors of such host enzymes. As a result, selection pressure on host enzymes 
to evade inhibition by pathogen effectors and on inhibitory pathogen effectors to 
adapt to the altered host enzymes occurs (Misas-Villamil and van der Hoorn, 2008). 
The tomato-C. fulvum pathosystem is an ideal model to study the biochemistry of 
plant-pathogen interactions, since the interaction is confined to the apoplast which is 
the only  compartment of the host that is colonized by the fungus.  
Although fungi and oomycetes cause major economic damage, bacteria are still the 
best characterized plant pathogens mainly due to the fact that molecular tools such 
as transposon mutagenesis, transfection, transformation with phages and plasmids 
could be used for bacteria but not for fungi and oomycetes that could only be 
transformed successfully by stable integration of DNA in the late eighties of last 
century. Besides, the genomes of bacteria are on average two orders of magnitude 
smaller than those of fungi and oomycetes (Hennecke and Verma, 1990). Bacterial 
pathogens operate in the intercellular space of the host. Many bacterial whole 
genome DNA sequences are now publicly available, including those of P. syringae, 
P. phaseolicola, Ralstonia solanacearum, Xanthomonas campestris, X. oryzae, 
Xylella fastidiosa, and their effector catalogues have been predicted. To date, most 
information is available on type three secreted effectors from bacterial plant 
pathogens. A large number of these effector molecules show enzymatic activity, like 
phosphotases, ligases, transferases and proteases. Remarkably all these prokaryotic 
proteases are characterized as cysteine proteases as reviewed by Göhre and 
Robatzek (2008).  
To date, much progress has been made in molecular research on fungi and 
Oomycetes, and most molecular techniques such as transformation, knocking out or 
knocking down genes have become a daily routine. Also genome sequences of many 
pathogenic fungi and Oomycetes have become available including the genes 
encoding effectors. Many eukaryotic plant pathogen effectors show an indirect or 
direct inhibitory effect on plant defense enzymes (Kamoun, 2008; Stergiopoulos and 
de Wit, 2009). 
In this chapter, I will focus on the cysteine proteases and cysteine protease inhibitors 
as weapons employed in attack and defense, both by microbial pathogens and host 
plants. 
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1. Proteases 
Proteases, also known as proteinases, peptidases or proteolytic enzymes, constitute 
a large group of enzymes which catalyze the hydrolysis of peptide bonds that link 
amino acids in the polypeptide chain of a protein with the participation of a water 
molecule, a process that is also known as proteolysis (Rawlings and Barrett, 2004). 
Proteases are divided into exopeptidases that remove amino acids from the N-
terminus (aminopeptidases) or C-terminus of a protein (carboxypeptidase), and 
endopeptidases that can hydrolyze peptide bonds of non-terminal amino acids (i.e. 
within the polypeptide chain). Endopeptidases are usually highly specific for certain 
amino acids and hydrolyze specific peptide bonds, often giving rise to peptides with 
specific biological functions (limited proteolysis). However, proteolysis can also result 
into complete breakdown of a protein into its constituting amino acids (unlimited 
proteolysis).  
All organisms possess protease genes, which comprise on average up to 5% of the 
genes in a genome. Proteases can be involved in a multitude of physiological 
processes, ranging from simple digestion of proteins to regulation of signaling 
cascades in the cytoplasm, and are found in organelles like mitochondria, lysosomes, 
peroxisomes, vacuoles and the endoplasmic reticulum (ER). Proteolysis represents 
one of the fastest molecular "start" and "stop" mechanisms in the physiology of an 
organism.  In general, signaling pathways initiated by proteases are irreversible, 
although exceptions have been described (Turk, 2006).  
 
2. Classification of proteases.  
The mechanism used by proteases to cleave peptide bonds involves a nucleophylic 
attack on the peptide carbonyl group, as proteases catalyze protein hydrolysis after 
covalent or non-covalent interactions with their substrates (Turk, 2006). Proteases 
are classified into five catalytic types: (i) cysteine proteases, (ii) serine proteases, (iii) 
threonine proteases, (iv) aspartic proteases and (v) metalloproteases 
(http://merops.sanger.ac.uk; Rawlings et al., 2010). 
Covalent catalysis is performed by cysteine, serine and threonine proteases that 
have a Cys, Ser or Thr amino acid, respectively, in their catalytic centre which 
becomes the nucleophile and requires a His  residue as a base. Metallo and aspartic 
proteases follow a non-covalent catalytic mechanism with an activated water 
molecule as the nucleophile. A zinc molecule serves as base for metalloproteases, 
whereas an Asp or a Glu residue serves as acid for the aspartic proteases (Figure 1). 
Proteases of all five catalytic types are represented in all plant genomes that have 
been investigated thus far. Arabidopsis thaliana contains over 800 protease genes 
and rice (Oryza sativa) nearly 700 (van der Hoorn, 2008). Serine, cysteine, and 
asparitic proteases are the most widely represented in plants, of which the serine 
proteases that belong to the subtilisin-like family (S8A) are the most widespread.  
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Plant proteases have been implicated in diverse physiological processes such as 
seed germination, growth, xylogenesis, leaf and flower senescence, fruit ripening, 
seed development and cell death. Proteases also play a role in responses of plants 
to abiotic stresses including water and nutrient deprivation, extreme temperatures 
and osmotic shock. Furthermore, proteases play a role in responses to biotic 
stresses, where some proteases act directly against plant pathogens, whereas others 
are involved in perception of pathogens or in activation of defense signaling 
cascades that may culminate in the hypersensitive response (HR). 
 
2.1 Cysteine proteases 
In this paragraph, I will focus on the plant cysteine proteases involved in, or 
associated with, programmed cell death (PCD) or the HR. Plant cysteine proteases 
are divided into 15 families of 5 clans (http://merops.sanger.ac.uk; Rawlings et al., 
2010). Clans CA and CE contain proteases with a papain-like fold, whereas CD 
proteases have a caspase-like fold. Many of these cysteine proteases play a role in 
PCD.  
 
2.1.1 Caspase-like proteases of the CD-clan 
PCD is a phenomenon that plays an important role in growth, development and 
defense of eukaryotic organisms including plants, and proteases have shown to play 
an important role in this process (Turk et al., 2007). PCD is very well studied in 
animal model organisms such as the fruit fly Drosophila melanogaster and the 
nematode Ceanorhabditis elegans. A distinct group of cysteine proteases, the 
cysteine-dependent aspartate-specific proteases or caspases, play a central role in 
the execution phase of PCD in mammals (Leist and Jäättelä, 2001), but are also 
involved in non-apoptotic processes, like inflammation, cell proliferation and cell 
differentiation (Lamkanfi et al., 2007; Overholtzer et al., 2007).  
 
Mammalian caspases belong to the CD clan, the C14 family of cysteine proteases 
and have specific preference for the Asp residue at the P1 position of peptide bonds 
in the substrate (Figure 2) (http://merops.sanger.ac.uk; Rawlings et al., 2010).  
Animal caspases are constitutively produced and are synthesized as inactive pre-
pro-enzymes (Martin and Green, 1995; Martins et al., 1997). They can be divided into 
two types based on their overall structure and mode of activation, with type-I 
caspases functioning as effectors and type-II caspases as initiators. Initiator 
caspases have an N-terminal prodomain that is needed for recruitment to protein 
complexes, known as apoptosomes, that function as activation platforms (Riedl and 
Salvesen, 2007). They are activated by conformational changes after 
oligomerization, for which proteolytic cleavage is not required (Fuentes-Prior and 
Salvesen, 2004). In turn, they activate the effector caspases by the proteolytic 
separation of the large (p20) and small (p10) subunits and finally form active 
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(p20)2(p10)2 heterotetramers. Effector caspases are known to cleave numerous 
substrates and cause typical morphological features of apoptosis (Kumar, 2007; 
Timmer and Salvesen, 2007).  
Mammalian caspases (Clan CD, family C14) possess three characteristic features: 
they contain (i) a caspase fold, (ii) are involved in PCD and (iii) show caspase-like 
activities. Plant proteases with these features are found in two cysteine protease 
families: (i) vacuolar processing enzymes (VPEs; Clan CD: family C13) and (ii) 
metacaspases (Clan CD: family C14; Chen et al., 1998) (Figure 3). Metacaspases 
and mammalian caspases share similar functions but have a different substrate 
preference with an Arg residue at the P1 position of the substrate for metacaspases, 
instead of an Asp residue at this position for mammalian caspases. Separation of the 
group of the mammalian caspases from the metacaspases is supported by 
phylogenetic analyses of clan CD peptidases (Koonin and Aravind, 2002), which 
indicates that metacaspases are clearly distinct from mammalian caspases 
(Vercammen, et al., 2007). 
In plants, PCD is an essential phenomenon that occurs during terminal differentiation 
of the vascular tracheary elements, leaf and flower senescence, elimination of 
reproductive organs in unisexual flowers, pollen rejection in the self-incompatibility 
response, fruit dehiscence, or pod shattering, and caspase activity is detected 
throughout the life cycle of plants, from seed germination until seed ripening (Fukuda, 
2000; van Doorn and Woltering, 2005). PCD in plants covers at least three major 
cytological mechanisms (Jones, et al., 2001; Kuriyama and Fukuda, 2002). During 
senescence, initially, the chloroplasts are degraded followed by disruption of the 
vacuoles and the nucleus (Thomas et al., 2003). The second mechanism involves 
disruption and collapse of the large central vacuole, release of nucleases and 
proteases, acidification of the cytoplasm, and rapid degradation of nucleic acids and 
proteins (Obara et al., 2001; Kuriyama and Fukuda, 2002). Thirdly, in cells that 
undergo apoptosis-like PCD, the nucleus is degraded first, after which chromatin 
condenses and DNA undergoes laddering (Fukuda, 2000; Ondzighi, et al., 2008). 
Resistant plants respond with an HR to infection by biotrophic pathogens in order to 
prevent further pathogen spread (Jones and Dangl, 2006; de Wit, 2007). In dying 
plant cells apoptotic features such as chromatin condensation, nuclear rupture, 
internucleosomal DNA cleavage, cell shrinkage, and the formation of apoptotic 
bodies have been observed (van Doorn and Woltering, 2005). Studies with synthetic 
caspase-specific inhibitors such as Ac-YVAD-CHO and Ac-DEVD-CHO and caspase 
substrates confirmed the existence of caspase-like activities in plants and their 
requirement for completion of PCD (del Pozo and Lam, 1998; Watanabe and Lam, 
2004; Woltering, 2004).  
The whole genome sequences of A. thaliana and rice do not show direct orthologs of 
animal caspase sequences, and therefore plant caspase activities are usually 
referred to as caspase-like or DEVDase in case they cleave the protein recognition 
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site Asp-Glu-Val-Asp. Today, at least eight caspase-like activities in plant extracts 
have been reported using caspase substrates, and some occur during tobacco 
mosaic virus (TMV)-induced cell death in Nicothiana benthamiana and also 
developmental cell death (Xu and Zhang, 2009). 
Initially, caspase-like activities were assigned to the vacuolar processing enzymes 
(VPEs) and the metacaspases (Woltering et al., 2002). Both show some sequence 
and tertiary structure homology with animal caspases and have been suggested to 
regulate PCD in plants as true caspase orthologs  (Aravind and Koonin, 2002; 
Hatsugai et al., 2004; Rojo et al., 2004; Suarez et al., 2004; Sanmartin, 2005). 
However, in oat (Avena sativa) a serine protease, referred to as saspase, has been 
identified that also displays caspase-like activity and which may control PCD in 
association with victorin toxin-induced cell death (Coffeen and Wolpert, 2004). 
Saspase cleaves caspase-8 and some caspase-6 synthetic substrates. 
Nevertheless, a major challenge is still to identify the plant proteases that are 
responsible for the caspase-like activities and to understand their relationship with 
animal caspases. It is now more than 10 years ago since the first report of caspase 
activity in plants (del Pozo and Lam, 1998) and several scenarios to explain why 
plants have caspase-like activities without animal-like or true caspases have been 
proposed. 
 
2.1.2 Vacuolar processing enzymes 
Vacuolar processing enzymes (VPEs) belong to the CD clan and C13 family of 
cysteine proteases and show specificity in the P1 position for Asp. VPEs and 
mammalian caspase-1 share the same substrate specificity (Hatsugai et al. 2006). 
VPEs play a role in various protein maturation steps in seed storage vacuoles, but 
are also synthesized in vegetative plant tissues and hydrolyze caspase-specific 
substrates (Shimada et al., 2003; Gruis et al., 2004).  Furthermore, VPEs are 
localized in protease precursor vesicles (PPVs) and vacuoles, organelles closely 
associated with PCD. 
The A .thaliana genome harbors four genes encoding VPEs. Two of them are VPEα 
and VPEγ, and both are localized in lytic vacuoles of vegetative organs and are 
involved in PCD induced by various stress factors and during ageing (Kinoshita et al. 
1999). Moreover, in vivo studies have provided evidence for the involvement of A. 
thaliana VPEγ in protein degradation during senescence and in disease resistance 
and cell death progression (Rojo et al., 2003; 2004). The predicted three-dimensional 
structure of A. thaliana VPEγ shows resemblance of its active site with human 
caspase-8 (Rojo et al., 2003).  
A. thaliana plants infected by an avirulent strain of Pseudomonas syringae pv. tomato 
DC3000 show increased caspase activity and initiation of PCD. VPEγ mutants have 
compromised caspase activity and are more susceptible to P. syringae and to turnip 
mosaic virus (TuMV; Rojo et al., 2004). The latter pathogen does not induce a 
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classical PCD but decreases the viability of infected cells. Apparently, VPEs 
negatively regulate the growth of these pathogens by promoting cell death. This 
contrasts to studies where VPEγ mutants were reported to be more susceptible to 
Botrytis cinerea, a necrotrophic pathogen that is expected to benefit from PCD 
(Govrin and Levine, 2000; Dickman et al., 2001). These data indicate a key role for 
VPEs in PCD in interactions of A. thaliana with pathogens (Sanmartin, 2005). 
 
2.1.3 Metacaspases 
The A. thaliana genome contains nine predicted metacaspase genes of which three 
belong to the type-I class (AtMC 1-3) and six to the type II class (AtMC4-9). Type-I 
metacaspases possess a predicted N-terminal prodomain with a zinc finger motif 
followed by a proline-rich region (AtMC2 and AtMC3) or by a glutamine- and proline-
rich region (AtMC1) and a C-terminal caspase-like domain. AtMC4-9 lack the obvious 
prodomain (Watanabe and Lam, 2004; Uren, et al., 2000).  
Transcripts of AtMC1-3, -5 and -6 are rapidly up-regulated upon infection of leaves 
with bacterial pathogens. Similarly, LeMCA1, encoding a type II metacaspase of 
tomato, was upregulated in leaves infected by B. cinerea (Hoeberichts, 2003). These 
data suggests the possible involvement of metacaspases in plant defense.  
In Norway spruce (Picea abies), a type II metacaspase gene, mcII-Pa, was shown to 
be involved in somatic embryogenesis (Suarez, et al., 2004). Previously, it has been 
reported that activation of (a) protease(s) cleaving the caspase substrate Val-Glu-Ile-
Asp (VEIDase) is essential for PCD and embryogenesis in Norway spruce 
(Bozhokov, et al., 2004). The metacaspase gene mcII-Pa may encode a functional 
homolog of animal caspase-6 (VEIDase) and silencing of mcII-Pa strongly reduced 
VEIDase activity, suppressed PCD in the embryos and blocked suspensor 
differentiation (Suarez, et al., 2004). However, it has subsequently been shown that 
mcII-Pa does not contain VEIDase activity, as active mcII-Pa does not possess 
aspartic acid-specific proteolytic activity but prefers Arg-containing substrates 
(Bozhokov, 2005). This suggests that the caspase activity is not caused by mcII-Pa 
activity, but by enzymes activated by mcII-Pa. Nuclei isolated from PCD-deficient cell 
lines are disintegrated by adding mcII-Pa protein and this disintegration can be 
inhibited by a mcII-Pa inhibitor and is absent when a catalytic mutant of mcII-Pa is 
added instead. It is hypothesized that cytoplasmic metacaspases participate in PCD 
by degrading the nuclear envelope, which leads to nuclear degradation (Bozhokov et 
al., 2005). 
Although no functional homologs of animal caspases have been identified in plant 
genomes, data are accumulating that suggest the existence of caspase-like activity in 
plants which is functional direct or indirect in various types of plant PCD. 
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2.2 Papain-like cysteine proteases 
Papain is the type protease of the papain family and is found in latex of papaya 
(Carica papaya) plants and acts in defense against herbivore insects (Konno et al., 
2004).  
Papain-like cysteine proteases (PLCPs) originate from a common evolutionary 
ancestor and a number of them are strongly expressed during senescence (Guo et 
al., 2004).Treatment with specific PLCP inhibitors, such as E64, or over-expression 
of endogenous PLCP inhibitors, such as phytocystatins blocks PCD induced by 
various stimuli, including hydrogen peroxide (H2O2), nitric oxide (NO) and avirulent 
bacterial strains (Solomon et al., 1999; Belenghi et al., 2003; Coffeen & Wolpert, 
2004). Cumulatively, these data suggest that PLCPs play a role in PCD.  
 
2.2.1 Cathepsin B 
In addition to caspases, another group of lysosomal cysteine and aspartate 
proteases is involved in PCD in animals; the cathepsins (Leist and Jäättelä, 2001; 
Turk and Stoka, 2007; Vasiljeva and Turk, 2007). Mammalian cathepsin B (CathB) 
has been shown to activate specific caspases by cleaving their prodomains 
(Vancompernolle et al., 1998) and is able to execute caspase-independent apoptosis 
upon tumor necrosis factor (TNF) receptor activation (Foghsgaard et al., 2001). 
CathB knock-out mice mutants show reduced TNF-triggered apoptosis (Guicciardi et 
al., 2001; Reinheckel et al., 2001). Cathepsins can cleave Bid, a pro-apoptotic factor 
(Cirman et al., 2004; Blomgran et al., 2007) or degrade the anti-apoptotic Bcl-2 family 
members Bcl-2 and Bcl-XL (Turk and Stoka, 2007).  
The Nicotiana benthamiana CathB-like (NbCathB) protease is activated upon 
secretion in the apoplast in absence of pathogen challenge. Virus-induced gene 
silencing (VIGS) of NbCathB suppressed the HR that is triggered by co-expression of 
the Phytophthora infestans effector Avr3a and its cognate potato R gene, but did not 
suppress the HR in tomato following recognition of C. fulvum Avr4 by tomato Cf-4. 
Furthermore, VIGS of NbCathB enhanced susceptibility to the nonhost bacterial 
pathogens Erwinia amylovora and P. syringae pv. tomato DC3000 (Gilroy et al., 
2007). It was subsequently demonstrated that three A. thaliana CathB homologs are 
redundantly required for basal resistance to Pst DC3000. They are not required for R 
gene-mediated resistance to avirulent strains of Pst DC3000 expressing AvrB or 
AvrRps4, but are required for the activation of HR upon AvrB recognition (McLellan et 
al., 2009). In addition, it was demonstrated that these proteases are required for 
activation of the senescence-associated marker gene (SAG12), suggesting that 
CathB is a regulator of PCD both in senescence and basal defense (McLellan et al., 
2009). 
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2.2.2 Rcr3  
By mutational analysis of Cf-2 tomato plants Rcr3 was identified as a gene required 
for C. fulvum resistance. Rcr3 is only required for Cf-2 function but not for 
functionality of other known Cf resistance genes (Dixon et al., 1998). Rcr3 appeared 
to be an apoplastic cysteine protease and is 43% identical to papain. Rcr3 is 
upregulated in adult plants, during senescence and during infection by C. fulvum. 
Similar to other typical PR genes, Rcr3 expression is induced more rapidly in 
incompatible interactions of tomato plants containing Cf2 or Cf9, when compared to 
compatible interactions of tomato plants (Krüger et al., 2002).  
By EMS mutagenesis four rcr3 mutant Cf-2 plants were acquired, three of which will 
be discussed here. The rcr3-1 mutant does not fully compromise Cf-2 function, 
whereas the rcr3-2 and rcr3-3 mutants result in a complete loss of Avr2-triggered Cf-
2-mediated resistance. The rcr3-1 mutant contains a point mutation in the Rcr3 gene, 
Cys 151>Ser mutation), and is most likely affected in its 3-D structure since this 
cysteine is involved in a disulphide bridge. The Rcr3 wild type protein contains 8 Cys 
residues, in contrast to the rcr3-1 mutant. Possibly, the Cys153 will be involved in a 
disulphide bond instead of the Cys151, which may result in an altered 3-D structure. 
This protein could display a reduced enzyme activity, although Avr2 is still able to 
interact with the mutant protein and this complex is still recognized by Cf-2. 
The rcr3-2 allele contains a point mutation that results in a Gly314>Val substitution..  
Gly 314 belongs to the Try-Gly motif that is highly conserved in PLCPs and which is 
in close proximity to the Asn residue of the catalytic triade (Cys-His-Asn). It is 
conceivable that the rcr3-2 mutant protein is stable and similarly folded as the Rcr3 
wild type protein, although it is no longer an active enzyme. These data show that 
enzymatic activity of Rcr3 is required for the Avr2- triggered Cf-2-mediated HR. 
The rcr3-3 allele encodes a premature stop codon at DNA sequence position 221, 
resulting in a truncated non-functional protein. 
It was proposed that Rcr3 would solely act as a decoy to bind Avr2 and thus 
recognize the pathogen, leading to Cf2-mediated HR (Shabab et al., 2008), whereas 
Pip1 (Phytophthora inhibited protease 1) would be the real virulence target of Avr2.  
In this so-called decoy model it is hypothesized that Rcr3 which is guarded by Cf-2 is 
solely involved in Avr2 perception, and thus binding of Avr2 to Rcr3 in absence of Cf-
2 would not contribute to pathogen virulence (Van der Hoorn and Kamoun, 2008). 
However, a recent study has shown that the tomato Cf-2/rcr3 mutant confers 
increased susceptibility to P. infestans, which indicates an active role for Rcr3 in 
plant defense, which argues against a role of Rcr3 as a decoy (Song et. al., 2009). 
Furthermore, Rcr3 has a putative function in senescence as described by Krüger et 
al. (2002). And finally, Cf-2/rcr3 plants show a delay in growth when compared to Cf-
2/Rcr3 tomato, which indicates that Rcr3 contributes to plant growth.  
During senescence or pathogen attack the expression of Rcr3 is upregulated. Similar 
transcriptional regulation is observed for the gene encoding the CathB-like protease, 
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which may function in downstream signaling (McLellan et al., 2009). Interestingly, 
also the extracellular CDR1 aspartic protease of A. thaliana has a role in disease 
signaling (Xia et al., 2004).  Comparable to CathB-like and CDR1, Rcr3 could act 
indirectly in defense as a messenger in signaling to downstream defense 
mechanisms or catalytically process an endogenous substrate into an activate 
enzyme or molecule that acts directly towards the pathogen. Alternatively, these 
products could act in PCD signaling. Interestingly PR-1 expression is induced upon 
Avr2 protein injection in Cf-2/Rcr3pim tomato but not in Cf-2/rcr3pim (Song et al., 2009). 
The majority of the PR proteins in the apoplast are enzymes that act in basal 
defense. Uncontrolled or unregulated enzymes are harmful and therefore it is 
desirable to keep such enzymes inactivated until their activity is required. The Rcr3 
protein level is nearly undetectable in unchallenged tomato plants (Chapter 2), which 
is in contrast to other apoplastic PR proteins. All these data suggests that Rcr3 might 
enzymatically activate PR proteins or itself, and its substrate might be involved in 
disease signaling. An example of such a process is Aleurain, a PLCP which is 
targeted to the lytic vacuole where it becomes active after proteolytic processing 
(Holwerda et al., 1990; Paris et al., 1996).  
The Rcr3esc variant shows autonecrosis in combination with Cf-2 expression. This 
phenotype is observed after the onset of flowering, and follows a time pattern that is 
similar to the Rcr3 expression in Cf-2 plants. This Rcr3esc-Cf-2-dependent 
autonecrosis can be suppressed by the Rcr3pim allele. The Rcr3esc protein differs 
from Rcr3pim in one amino acid deletion and six amino acid changes, which may 
mimic the conformational change, imposed on Rcr3pim upon Avr2 binding, and weakly 
activates Cf-2-dependent HR in the absence of Avr2. Modification of an enzyme by 
an inhibitor is a result of either un- or noncompetitive inhibition. Inhibition of Rcr3 by 
Avr2 is clearly not competitive but most likely un- and non-competitive, which is in 
agreement with a conformational change imposed by Avr2 on Rcr3 (Chapter 4). 
Another scenario might be that the Rcr3esc variant is not able to process the 
endogenous substrate as efficiently as Rcr3pim and the substrate-Rcr3esc complex is 
recognized by Cf-2 leading to the autonecrosis. The uncompetitive Avr2 inhibition of 
Rcr3 implies formation of a substrate-Rcr3-Avr2 complex which is recognized by the 
Cf-2 protein. This could point towards the specificity of this interaction which leads to 
the Cf-2-mediated HR which does not occur in the Avr2-Pip1 interaction. Another 
peculiarity is observed in Nicotiana tabacum expressing Cf-2, where no HR occurs 
upon Avr2 and Rcr3 protein injection although in N. tabacum expressing Cf-4 or Cf-9 
an HR is visible 3 days after injection of Avr9 or Avr4 protein, respectively. In 
contrast, in N. benthamiana transiently co-expressing Cf-2, Avr2 and Rcr3 an HR 
does occur, and autonecrosis is observed when transiently co-expressing Cf-2 and 
Rcr3esc. This could point towards the presence of an Rcr3 substrate that is present in 
N. benthamiana but absent in N. tabacum.  
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Both the modification of Rcr3 by interaction with Avr2 and the formation of a 
substrate-Rcr3-Avr2 complex could initiate a Cf-2 dependent HR. To date, however, 
the substrate of Rcr3 has not yet been identified.  
 
2.2.3 Pip1 
In a biochemical analysis, tomato Pip1 (Phytophthora inhibited protease 1) was 
identified and found to interact with the P. infestans secreted apoplastic effector 
EpiC1 (extracellular proteinase inhibitor C1) and EpiC2B (extracellular proteinase 
inhibitor C2B) in a similar manner as cystatin-like protease inhibitors. Pip1 is closely 
related to Rcr3, and like the Rcr3 gene also the Pip1 gene follows the expression 
pattern of a typical PR gene (Tian et al 2000). Pip1 is more abundant in the apoplast 
than Rcr3.  
It was recently demonstrated that, similar to Avr2, also EpiC1 and EpiC2B bind and 
inhibit Rcr3. However, in contrast to Avr2, EpiC1 and EpiC2B do not trigger HR on 
Cf-2 tomato. Nevertheless, the rcr3-3 mutant of tomato that carries a premature stop 
codon in the Rcr3 gene exhibits enhanced P. infestans susceptibility, suggesting a 
role for Rcr3 in defense against P. infestans. Furthermore, in contrast to C. fulvum, P. 
infestans has evolved an Rcr3-inhibitory effector that avoids triggering a Cf-2-
mediated HR (Song et al., 2009). In a yeast-two-hybrid screen and subsequent pull-
down assays the venom allergen protein from the root nematode Globodera 
rostochiensis (Gr-vap1) was found to interact with Rcr3 along with various other host 
proteins that are associated with plant defense (Lozano et al., unpublished data). 
This demonstrates that on the one hand the same host protein can function as a 
target for multiple seemingly unrelated effectors, and also at the other hand one 
effector can target multiple host proteins. 
 
2.2.4 RD19 
The effector PopP2 (Pseudomonas solanacearum outer protein P2) of the soil-borne 
bacterial vascular pathogen Ralstonia solanacearum (previously known as P. 
solanacearum) interacts directly with its cognate RRS1-R (Resistance to Ralstonia 
solanacearum1-R) resistance protein of A. thaliana in the nucleus. 
As discussed in chapter 1, the A. thaliana cysteine protease RD19 (Responsive to 
Dehydration 19) interacts with the effector PopP2 and it is suggested that this 
interaction forms a nuclear complex that is required for activation of the RRS1-R-
mediated resistance response. Interestingly, both RD19 and PopP2 are cysteine 
proteases, with RD19 belonging to family C1 of PLCP Clan CA, and  PopP2 to family 
C55 of YopJ-like Clan CE, respectively. However, it is unknown whether these 
cysteine proteases become activated after proteolytic processing by each other or 
one another (Bernoux et al., 2008). 
Despite the absence of a nuclear localization signal (NLS) motif within the RD19 
sequence, this protease is relocalized to the nucleus upon co-expression with 
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PopP2. Possibly Pop2 guides RD19 after binding to the nucleus by an unknown 
mechanism. However, nuclear localization of cysteine proteases without a NLS has 
been reported previously (Tabaeizadeh et al., 1995; Harrak et al., 2001; Goulet et al., 
2004).  
 
2.2.5 TDI-65  
TDI-65 (tomato drought-induced 65) is a PLCP that carries a C-terminal granulin 
domain, that has been implicated as a regulator of cell growth (Bateman and 
Bennett, 1998; Yamada et al., 2001). TDI-65 is induced by abiotic stress such as 
drought, heat, cold and during senescence (Schaffer and Fischer, 1990; Drake et al., 
1996; Harrak et al., 2001). Immunolocalization studies showed that TDI-65 is 
involved in protein breakdown in chloroplasts and nuclei during drought stress 
(Tabaeizadeh et al. 1995). Interestingly, Avr2 interacts with TDI-65 probably with low 
affinity; this could indicate that TDI-65 is also involved in defense (van Esse et al., 
2008). 
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3. Bacterial cysteine proteaes 
Several effectors of bacterial plant pathogens have shown to be cysteine proteases 
that belong to various classes and act directly or indirectly against plant defense 
mechanisms. 
AvrRpt2 is a cysteine protease which belongs to the C70 family and does eliminate 
Rin4, resulting in suppression of basal defense (Kim et al., 2005) as described in 
chapter 1. 
A significant number of these effectors belong to the C55 family, such as the R. 
solanacearum effectors PopP1 and PopP2 and the Xanthomonas sp. effectors 
AvrXv4, AvrBsT and AvrRxv. All are characterized as YopJ-like SUMO (small 
ubiquitin-like modifier) proteases and are predicted to modify signal transduction 
pathways by removing SUMO modifications from elements involved in plant defense 
pathways (Orth et al., 2000). 
The mammalian pathogen Yersinia pseudotuberculosis secretes the effector YopJ 
that interacts with MAPKs (mitogen-activated protein kinases) and plays a role in 
suppression of innate immunity, suggesting that like effectors of human pathogenic 
bacteria, also effectors of plant pathogenic bacteria might be involved in down-
regulation of PTI signaling (Espinosa et al., 2004). 
XopD was the first effector of this class which showed protease activity on SUMO-
modified plant proteins, but not on SUMO-modified animal proteins (Hotson et al., 
2003). 
Another large family of TTSS effectors shared between plant and mammalian 
pathogens has famous members such as the P. syringae effectors HopAR1 
(AvrPphB) and HopC1 and belong to the C58 family of proteases or YopT-like 
proteases (from Yersinia pestis) (Iriarte et al.,1998; Shao et al., 2002). HopAR1 
cleaves PBS1 which is involved in negative regulation of the RPS5 resistance 
protein. 
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4. Protease inhibitors 
Proteases are involved in numerous vital intracellular and extracellular processes 
and therefore it is essential to strictly control their activities in order to prevent 
unwanted harmful effects. In general, proteases are synthesized as large precursor 
proteins called zymogens or pre-pro-proteins. The pre-peptide functions as a signal 
peptide for localization, and activation occurs by removal of the inhibitory pro-
segment. Thus the pro-peptide acts as an inhibitor to keep the enzyme inactive, pro-
peptides are covering the active site of the protease (Bode et al., 2000). In this way, 
the cell prevents damage by uncontrolled protease activity. 
Once activated, the enzymatic activity of a protease can be controlled and regulated 
by endogenous inhibitors that are found in the same cellular compartment (Clawson, 
1996, Gomez et al., 1997). Protease inhibitors have been described for all classes of 
proteases, and are diverse types of proteinaceous compounds that can vary 
significantly in size (http://merops.sanger.ac.uk; Rawlings et al., 2010). Endogenous 
protease inhibitors contain usually domain(s) that enter or block the active site of the 
protease to prevent substrate access in a competitive manner. Also more complex 
modes of inhibition with intermediate steps are known. Non-competitive inhibitors 
bind to an allosteric site of the protease which modifies the global structure of the 
protease, and as a consequence the active site becomes inaccessible to the 
substrate. Uncompetitive inhibitors only interact with the protease when it is bound to 
the substrate thereby forming a trimeric complex (Bode et al., 2000). 
Reversible and irreversible types of inhibition occur and endogenous inhibitors can 
be divided in three types: threshold type, buffer type and delay type. The threshold 
type inhibitors prevent accidental activation of a protease. Buffer type inhibitors 
always act in a reversible manner, and very swiftly associate and dissociate with the 
protease in absence or in presence of the substrate, respectively. Delay type 
inhibitors slowly bind to the active protease such that proteolysis only occurs for a 
limited period of time (Turk et al., 2005). 
Remarkably, particular substrates such as serpins and baculovirus protein p35, only 
act as an inhibitor after cleavage during the interaction with the protease (Ye et al., 
2001). Besides proteases that play a role in virulence, various pathogenic micro-
organisms use protease inhibitors to inactivate proteases that play a role in host 
defense. In the following section I will focus on cysteine protease inhibitors in 
pathogen-plant interactions. 
 
4.1 Cysteine protease inhibitors 
Cystatins are a superfamily of cysteine protease inhibitors that can be divided in four 
families: stefins, cystatins, kinogens and phytocystatins. (Oliveira et al., 2003, Kordiš 
and Turk, 2009)  Stefin cysteine protease inhibitors are small in size (about 100 
amino acids), carry a single inhibiting domain and possess no disulphide bridges or 
glycosylation sites. Stefins usually reside in the cytoplasm, but some have reported 
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to occur extracellularly. Cystatins are proteins of about 120 amino acids in size, 
containing two disulphide bridges and a signal peptide for extracellular secretion. 
Today seven members have been described (Cystatin C, S, SA, SN, D, E/M and F). 
Cystatin F has an additional N-terminal disulphide bridge. A number of other 
members of the cystatin family do not show strong resemblance based on the 
inhibitory function (Abrahamson et al., 2003). Particularly the CRES (cystatin-related 
epididymial spermatogenic) proteins are found to inhibit serine proteases instead of 
cysteine proteases (Cornwall et al., 2003). The kininogen family is harboring 
members with multifunctional glycoproteins containing three tandemly repeated 
cystatin domains (Turk et al.,1996). Phytocystatins constitute a single branch that is 
statistically distinct from the animal cystatins and revealed the existence of a typical 
[Leu,Val,Ile]-[Ala,Gly,Thr]-[Arg,Lys,Glu]-[Phe,Tyr]-[Ala,Ser]-[Val,Ile]-Xxx-
[Glu,Asp,Gln,Val]-[His,Tyr,Phe,Gly]-Asn consensus sequence also known as the 
LARFAV motif (Figure 4) (Margis et al., 1998; Margis-Pinheiro, et al., 2008).  
 
4.1.1 Mechanisms of interaction  
The resolution of the crystal structure of chicken cystatin was a major breakthrough 
in the elucidation of the mechanism of interaction between cystatins and PLCPs. 
Three regions of cystatin are involved in the interaction: the N-terminus and two 
hairpin loops that connect the β-sheet strands (Bode et al., 1988). Later on, this was 
confirmed by the resolution of the crystal structure of the stefin B-papain complex 
(Stubbs et al., 1990).  Most cystatins are reversible competitive inhibitors. They are 
rather non-specific but bind firmly to their targets with Ki-values in the µM to pM 
range. The binding most likely occurs in a two step process; first the two loops binds 
to the protease and subsequently the N-terminus binds and enhances the contact. 
The cysteine present in the catalytic centre of the protease appears not to be 
involved in this interaction. 
The typical Gln-Xxx-Val-Xxx-Gly motif and the C-terminal Trp residue are important in 
the affinity for the target protease. The N-terminal Gly residue is very important for 
the inhibition (Bode et al., 1988). Phytocystatins possess hypervariable sites located 
at strategic positions of the protein: on each side of the conserved Gly residue in the 
N-terminal part, within the Gln-Xxx-Val-Xxx-Gly motif and second Trp containing 
inhibitory loops entering the active site of target enzymes, and surrounding the 
LARFAV motif, a sequence of unknown function but conserved among plant cystatins 
(Urwin et al., 1995, Kiggundu et al., 2006). 
 
4.2 Plant cysteine protease inhibitors 
Plant cysteine protease inhibitors such as Oryzacystatin are involved in defense 
against insects and nematodes. A reduction of growth of insects has been observed 
when feeding on cystatin-overproducing plants, but also enhanced resistance to 
various potyviruses has been reported (reviewed by Dunaevsky et al., 2005; Haq et 
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al., 2004; Lawrence and Koundal, 2002; Gutierrez-Campos et al., 1999; Walker et al., 
1999). So far no plant cysteine protease inhibitors involved in defense against 
microbial pathogens have been reported. 
 
4.3 Pathogen cysteine protease inhibitors 
Mining of the whole genome sequence of P. infestans revealed 18 extracellular 
protease inhibitor genes encoding two major structural classes: (i) Kazal-like serine 
protease inhibitors (Epi1 to Epi14) of which Epi1 and Epi10 inhibit the P69B 
subtilisin-like serine protease of tomato and (ii) cystatin-like cysteine protease 
inhibitors (EpiC1 to EpiC4) (Tian  et al., 2004, 2005). EpiC1 and EpiC2B have been 
tested in detail and were found to interact with the extracellular tomato proteases 
Pip1 and Rcr3 (Tian et al., 2007).  
In contrast to Avr2, the interaction of EpiC1 and EpiC2B with Rcr3 does not trigger a 
Cf-2-mediated HR. This can be explained based on sequence homology, since 
EpiC1 and EpiC2B contain all motifs typical for cystatins, whereas Avr2 does not. It is 
conceivable that EpiC1 and EpiC2B inhibit Rcr3 and Pip1 in a competitive manner, in 
contrast to the uncompetitive inhibition of Rcr3 by Avr2. It is very likely that the 
interaction of EpiC1 and EpiC2B with Rcr3 does not lead to Rcr3 modification, and 
thus does not trigger a Cf-2-mediated HR. 
EpiC1 and EpiC2B are characterized as cystatins that show homology to plant 
cystatins, which makes it conceivable that these effectors mimic the endogenous 
plant cystatins in a way that remains undetected by the host surveillance system. The 
importance of EpiCs in P. infestans virulence remains yet to be documented. 
The C. fulvum Avr2 effector protein appears to be a unique cysteine protease 
inhibitor which inhibits Rcr3 in a uncompetitive manner (van ‘t Klooster et al., 2010). 
This type of inhibition implicates that Avr2 is expected to bind to the Rcr3-substrate 
complex. To date the intrinsic Rcr3 substrate and substrate specificity is unknown.  
PCD is a process involved in host defense (HR) and senescence, and Rcr3 is 
involved in both processes (Krüger et al., 2002), suggesting that the substrate and its 
products after processing by Rcr3 may be involved in those two phenomena also. 
Like CathB, Rcr3 might be involved in downstream signaling in defense and 
senescence.  
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5. Concluding remarks on the guard hypothesis and effector molecules  
Indirect interactions between R proteins and effectors follow the guard model as 
postulated by Van der Biezen and Jones (1998), and subsequently extended by 
Dangl and Jones (2001), which implicates that an R protein acts as a guard that 
monitors the host target (the guardee) of the pathogen effector to monitor 
perturbations in its physical state. The guard hypothesis is well studied and 
characterized in pathosystems involving plant pathogenic bacteria. In order to 
colonize the apoplast of the host, bacterial pathogens deliver effector proteins into 
the plant cell by the TTSS where they interact with cytoplasmic virulence targets to 
interfere with basal host resistance and/or suppress PAMP-triggered immunity (PTI). 
Exactly these perturbations of the virulence targets are sensed by the guarding R 
proteins which activate effector-triggered immunity (ETI), a faster and stronger 
version of PTI that often culminates in the HR (Jones and Dangl, 2006). It is 
intriguing to observe the similarity and the geniality of “weapons” applied by both 
pathogen and host in attack and defense. Effectors of pathogens and host defense 
molecules are often enzymes which are dynamic molecules and can initiate a 
cascade of mechanisms. Activation or inhibition of enzymes can finally establish a 
successful infection or defense. Many enzymes are involved in processes like PCD. 
This requires a strict control of the enzymes in order to prevent harmful damage.  
Cysteine protease and cysteine protease inhibitors play a distinct and crucial role in 
pathogen-plant interactions. It is also intriguing to indentify the substrates of specific 
cysteine proteases, which will provide more inside and detailed information about 
secondary or indirect mechanisms involved in pathogenicity and defense. Study of 
the tomato-C. fulvum pathosystem revealed that the Avr2-Rcr3-Cf2-mediated 
resistance complex complies with the guard hypothesis. The Rcr3 cysteine protease 
has been demonstrated to be the guardee in the resistasome complex, but is also an 
effector target of pathogens that are unrelated to C. fulvum, including an Oomycete 
and likely also a nematode (van Esse et al, 2008; Lozano et al., personal 
communication). This suggests that Rcr3 is a major player in host defense which is 
targeted by diverse types of pathogens to inhibit or to eliminate. So far, only tomato 
has developed an efficient guard (Cf-2) to eliminate the inhibitory activity of the Avr2 
fulvum effector by mediating an HR; it also indicates that Avr2 is a unique cysteine 
protease inhibitor, for which tomato during evolution needed to get rid of. R gene-
mediated resistance data are accumulating, which indicate that perception of 
pathogens and initiation of host defense is complex. In the R protein complex many 
accessory proteins take part forming a complex referred to as the resistasome. As 
such, the virulence target-R protein complex serves as a platform for many 
interacting proteins that are required for a tight control of the resistasome to prevent 
unnecessary HR. 
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Figure 1. Catalytic mechanisms of different proteases. 
(after Turk, 2006) 
The five major catalytic classes of proteases can be divided in two groups based on fundamentally 
different catalytic mechanisms. In the covalent catalysis as occurs in the serine, cysteine and 
threonine proteases, the nucleophile of the catalytic site is represented by the side chain of an amino 
acid residue, whereas the His residue normally functions as a base.  
In the non-covalent catalysis as in the metalloproteases and aspartic proteases, the nucleophile is an 
activated water molecule and the Asp or Glu residues and zinc (metalloproteases) serve as acids and 
base, respectively. 
A further obvious difference between these two groups relates to the formation of the reaction 
products that for cysteine and serine proteases require an additional intermediate step (acyl-enzyme 
intermediate).  
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Figure 2. Schematic representation of a protein substrate binding to a protease.  
(after Turk, 2006) 
The subsite of a protease is the location of an amino acid residue that is able to accommodate a 
single side chain of a substrate residue. Beginning from the sites on each side of the scissile bond, the 
subsites are numbered S1–Sn upwards to the N terminus of the substrate (non-primed sites), and 
S1′–Sn′ towards the C terminus (primed sites). The facing amino acid residues of the substrate are 
numbered P1–Pn, and P1′–Pn′, respectively. The substrate specificity of a protease is determined by 
the structure of the active site of a protease thereby specifying which substrate residues can bind to 
specific substrate binding sites of the protease also known as the intrinsic subsite occupancy. 
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Figure 3. Plant VPEs and metacaspases.  
(after Sanmatin et al., 2005) 
The position of the His-Cys amino acid residue of catalytic dyad is shown.  
Vacuolar processing enzymes (VPEs) are synthesized as inactive zymogens with a signal peptide for 
insertion into the endomembrane system. The C-terminal inhibitory domain and the N-terminal domain 
of VPEs are sequentially removed, most likely in the acidic environment of the vacuole.  
Metacaspases are most likely cytosolic enzymes that may be autoprocessed into p20 and p10 
subunits present in both types of metacaspases. Type I metacaspases contain an additional 
prodomain rich in Pro and Gln residues and a zinc finger motif. 
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Figure 4. Alignment of amino acid residues specific for the four cystatin families. 
(after Margis et al., 1998) 
hac: human cystatin A  
hbC: human cystatin B  
Cc: chicken cystatin, 
hcc: human cystatin C  
bcc: bovine colostrum cystatin  
hk1c: human kininogen segment 1 
hk2c: human kininogen segment 2 
OCI: Oryzacistatin-I 
OCII: Oryzacistatin-II 

 

 

 



- 134 - 

 

  



- 135 - 

 

References 
 

1. Aarts, N., Metz, M., Holub, E., Staskawicz, B.J., Daniels, M.J. and Parker, J.E. (1998) 
Different requirements for EDS1 and NDR1 by disease resistance genes define at least two R 
gene-mediated signalling pathways in Arabidopsis. Proceedings of the National Academy of 
Sciences of the United States of America, 95, 10306-10311. 

2. Abrahamson, M., Alvarez-Fernandez, M. and Nathanson, C.-M. (2003) Cystatins.  
Biochemical Society Symposium, (70), 179-199. 

3. Agrios, G.N. (2005) Plant pathology 5th edition. Amsterdam, The Netherlands: Elsevier 
Academic Press. 

4. Alnemri, E.S., Livingston, D.J., Nicholson, D.W., Salvesen, G., Thornberry, N.A., Wong, W.W., 
Yuan, J. (1996) Human ICE/CED-3 protease nomenclature. Cell, 87 (2), p. 171. 

5. Annadana, S., Schipper, B., Beekwilder, J., Outchkourov, N., Udayakumar, M. and Jongsma, 
M.A. (2003) Cloning, functional expression in Pichia pastoris, and purification of potato 
cystatin and multicystatin. Journal of Bioscience and Bioengineering 95, 118-123. 

6. Aravind, L. and Koonin, E.V. (2002) Classification of the caspase-hemoglobinase fold: 
Detection of new families and implications for the origin of the eukaryotic separins. Proteins: 
Structure, Function and Genetics, 46 (4), 355-367. 

7. Aravind. L. (2000) The BED finger. A novel DNA-binding domain in chromatin-boundary-
element-binding proteins and transposases. Trends in Biochemical Sciences, 25 (9), 421-423.  

8. Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M., Davis, A.P., 
Dolinski, K., Dwight, S.S., Eppig, J.T., Harris, M.A., Hill, D.P., Issel-Tarver, L., Kasarskis, A., 
Lewis, S., Matese, J.C., Richardson, J.E., Ringwald, M., Rubin, G.M., and Sherlock, G. (2000) 
Gene Ontology: tool for the unification of biology. Nature Genetics 25, 25-29. 

9. Austin, M.J., Muskett, P., Kahn, K., Feys, B.J., Jones, J.D. and Parker, J.E. (2002) Regulatory 
role of SGT1 in early R gene-mediated plant defenses. Science, 295, 2077-2080. 

10. Axtell, M.J. and Staskawicz, B.J. (2003b) Initiation of RPS2-specified disease resistance in A. 
thaliana is coupled to the AvrRpt2-directed elimination of RIN4. Cell, 112 (3),   369-377.  

11. Axtell, M.J., Chisholm, S.T., Dahlbeck, D. and Staskawicz, B.J. (2003a) Genetic and 
molecular evidence that the Pseudomonas syringae type III effector protein AvrRpt2 is a 
cysteine protease. Molecular Microbiology, 49 (6), 1537-1546.  

12. Ayliffe, M.A., Frost, D.V., Finnegan, E.J., Lawrence, G.J., Anderson, P.A. and Ellis, J.G. 
(1999) Analysis of alternative transcripts of the flax L6 rust resistance gene. Plant Journal, 17 
(3), 287-292.  

13. Azevedo, C., Sadanandom, A., Kitagawa, K., Freialdenhoven, A., Shirasu, K. and Schulze-
Lefert, P. (2002) The RAR1 interactor SGT1, an essential component of R gene-triggered 
disease resistance. Science, 295, 2073-2076. 

14. Bae, H., Kim, M.S., Sicher, R.C., Bae, H.J. and Bailey, B.A. (2006) Necrosis- and ethylene-
inducing peptide from Fusarium oxysporum induces a complex cascade of transcripts 
associated with signal transduction and cell death in Arabidopsis.  Plant Physiology 141, 
1056-1067. 

15. Bateman, A. and Bennett, H.P.J. (1998) Granulins: The structure and function of an emerging 
family of growth factors. Journal of Endocrinology, 158 (2),   145-151. 

16. Beekwilder, J., Schipper, B., Bakker, P., Bosch, D. and Jongsma, M. (2000) Characterization 
of potato proteinase inhibitor II reactive site mutants. European Journal of Biochemistry 267, 
1975-1984. 

17. Beers, E.P., Woffenden, B.J. and Zhao, C. (2000) Plant proteolytic enzymes: possible roles 
during programmed cell death. Plant Molecular Biology, 44, 399-415. 



- 136 - 

 

18. Belenghi, B., Acconcia, F., Trovato, M., Perazzolli, M., Bocedi, A., Polticelli, F., Ascenzi, P. 
and Delledonne, M. (2003) AtCYS1, a cystatin from Arabidopsis thaliana, suppresses 
hypersensitive cell death.  European Journal of Biochemistry, 270 (12), 2593-2604.  

19. Belkhadir, Y., Nimchuk, Z., Hubert, D.A., Mackey, D., and Dangl, J.L. (2004) A. thaliana RIN4 
negatively regulates disease resistance mediated by RPS2 and RPM1 downstream or 
independent of the NDR1 signal modulator and is not required for the virulence functions of 
bacterial type III effectors AvrRpt2 or AvrRpm1. Plant Cell, 16 (10), 2822-2835. 

20. Bent, A.F., Kunkel, B.N., Dahlbeck, D., Brown, K.L., Schmidt, R., Giraudat, J., Leung, J., and 
Staskawicz, B.J. (1994) RPS2 of A. thaliana: A leucine-rich repeat class of plant disease 
resistance genes. Science, 265 (5180), 1856-1860. 

21. Bernoux, M., Timmers, T., Jauneau, A., Brière, C., De Wit, P.J.G.M., Marco, Y. and 
Deslandes, L. (2008) RD19, an A. thaliana cysteine protease required for RRS1-R-mediated 
resistance, is relocalized to the nucleus by the Ralstonia solanacearum PopP2 effector. Plant 
Cell, 20 (8), 2252-2264.  

22. Bieri, S., Mauch, S., Shen, Q.-H., Peart, J., Devoto, A., Casais, C., Ceron, F., Schulze, S., 
Steinbiß, H.-H., Shirasu, K. and Schulze-Lefert, P. (2004) RAR1 positively controls steady 
state levels of barley MLA resistance proteins and enables sufficient MLA6 accumulation for 
effective resistance. Plant Cell, 16 (12), 3480-3495.  

23. Block, A., Li, G., Fu, Z.Q. and Alfano, J.R. (2008) Phytopathogen type III effector weaponry 
and their plant targets. Current Opinion Plant Biology, 11, 396–403. 

24. Blomgran, R., Zheng, L. and Stendahl, O. (2007) Cathepsin-cleaved Bid promotes apoptosis 
in human neutrophils via oxidative stress-induced lysosomal membrane permeabilization. 
Journal of Leukocyte Biology, 81 (5), 1213-1223. 

25. Bode, W. and Huber, R. (2000) Structural basis of the endoproteinase-protein inhibitor 
interaction. Biochimica et Biophysica Acta - Protein Structure and Molecular Enzymology, 
1477 (1-2), 241-252. 

26. Bode, W., Engh, R., Musil, D., Thiele, U., Huber, R., Karshikov, A., Brzin, J., Kos, J. and Turk, 
V. (1988) The 2.0 A X-ray crystal structure of chicken egg white cystatin and its possible mode 
of interaction with cysteine proteinases. EMBO Journal, 7 (8), 2593-2599. 

27. Bolton, M.D. and Thomma, B.P.H.J. (2008) The complexity of nitrogen metabolism and 
nitrogen-regulated gene expression in plant pathogenic fungi. Physiological and Molecular 
Plant Pathology. 

28. Bolton, M.D., Van Esse, H.P., Vossen, J.H., De Jonge, R., Stergiopoulos, I., Stulemeijer, 
I.J.E., Van Den Berg, G.C.M., Borrás-Hidalgo, O., Dekker, H.L., De Koster, C.G., De Wit, 
P.J.G.M., Joosten, M.H.A.J. and Thomma, B.P.H.J. (2008) The novel Cladosporium fulvum 
lysin motif effector Ecp6 is a virulence factor with orthologues in other fungal species. 
Molecular Microbiology, 69 (1), 119-136.  

29. Bond, T.E.T. (1938) Infection experiments with Cladosporium fulvum Cooke and related 
species. Annuals of Applied Biology, 25, 277-307. 

30. Bos, J.I.B., Chaparro-Garcia, A., Quesada-Ocampo, L.M., McSpadden Gardener, B.B. and 
Kamoun, S. (2009) Distinct amino acids of the Phytophthora infestans effector AVR3a 
condition activation of R3a hypersensitivity and suppression of cell death. Molecular Plant-
Microbe Interactions, 22 (3), 269-281. 

31. Bos, J.I.B., Kanneganti, T.-D., Young, C., Cakir, C., Huitema, E., Win, J., Armstrong, M.R., 
Birch, P.R.J. and Kamoun, S. (2006) The C-terminal half of Phytophthora infestans RXLR 
effector AVR3a is sufficient to trigger R3a-mediated hypersensitivity and suppress INF1-
induced cell death in Nicotiana benthamiana. Plant Journal, 48 (2), 165-176. 



- 137 - 

 

32. Boukema, W. (1981). Races of Cladosporium fulvum (Fulvia fulva) and genes of resistance in 
the tomato (Lycopersicon Mill). Proceedings of the Meeting of the Eucarpia Tomato Working 
Group, Avignon, 287-292. 

33. Bozhkov, P.V., Filonova, L.H., Suarez, M.F., Helmerson, A., Smertenko, A.P., Zhivotovsky, B. 
and von Arnold, S. (2004) VEIDase is a principal caspase-like activity involved in plant 
programmed cell death and essential for embryonic pattern formation. Cell Death and 
Differentiation, 11 (2), 175-182. 

34. Bozhkov, P.V., Suarez, M.F., Filonova, L.H., Daniel, G., Zamyatnin Jr., A.A., Rodriguez-Nieto, 
S., Zhivotovsky, B. and Smertenko, A. (2005) Cysteine protease mcII-Pa executes 
programmed cell death during plant embryogenesis. Proceedings of the National Academy of 
Sciences of the United States of America, 102 (40),  14463-14468 

35. Brouwer, M., Lievens, B., Van Hemelrijck, W., Van den Ackerveken, G., Cammue, B.P.A. and 
Thomma, B.P.H.J. (2003) Quantification of disease progression of several microbial 
pathogens on Arabidopsis thaliana using real-time fluorescence PCR. FEMS Microbiol. Lett. 
228, 241-248. 

36. Bryan, G.T., Wu, K.-S., Farrall, L., Jia, Y., Hershey, H.P., McAdams, S.A., Faulk, K.N., 
Donaldson, G.K., Tarchini, R. and Valent, B. (2000) A single amino acid difference 
distinguishes resistant and susceptible alleles of the rice blast resistance gene Pi-ta. Plant 
Cell, 12 (11), 2033-2045.  

37. Burch-Smith, T.M., Schiff, M., Caplan, J.L., Tsao, J., Czymmek, K. and Dinesh-Kumar, S.P. 
(2007) A novel role for the TIR domain in association with pathogen-derived elicitors. PLoS 
Biology, 5 (3),  0501-0514 

38. Cai, X., Takken, F.L.W., Joosten, M.H.A.J. and De Wit, P.J.G.M. (2001) Specific recognition of 
AVR4 and AVR9 results in distinct patterns of hypersensitive cell death in tomato, but similar 
patterns of defence-related gene expression. Molecular Plant Pathology, 2, 77-86. 

39. Catanzariti, A.-M., Dodds, P.N., Lawrence, G.J., Ayliffe, M.A. and Ellis, J.G. (2006) 
Haustorially expressed secreted proteins from flax rust are highly enriched for avirulence 
elicitors. Plant Cell, 18 (1), 243-256.  

40. Century, K.S., Holub, E.B. and Staskawicz, B.J. (1995) NDR1, a locus of A. 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 (14), 6597-6601.  

41. Century, K.S., Shapiro, A.D., Repetti, P.P., Dahlbeck, D., Holub, E. and Staskawicz, B.J. 
(1997) NDR1, a pathogen-induced component required for A. thaliana disease resistance, 
Science, 278 (5345),  1963-1965.  

42. Chang, H.K., Park, S.-Y., Lee, Y.-H., Valent, B. and Kang, S. (2008) Genome organization 
and evolution of the AVR-pita avirulence gene family in the Magnaporthe grisea species 
complex. Molecular Plant-Microbe Interactions, 21 (5), 658-670. 

43. Chang, J.H., Goel, A.K., Grant, S.R. and Dangl, J.L. (2004) Wake of the flood: Ascribing 
functions to the wave of type III effector proteins of phytopathogenic bacteria. Current Opinion 
in Microbiology, 7 (1), 11-18. 

44. Chen, Y.-C., Lin-Shiau, S.-Y.N. and Lin, J.-K. (1998) Involvement of reactive oxygen species 
and caspase 3 activation in arsenite-induced apoptosis. Journal of Cellular Physiology, 177 
(2), 324-333. 

45. Chichkova, N.V., Kim, S.H., Titova, E.S., Kalkum, M., Morozov, V.S., Rubtsov, Y.P., Kalinina, 
N.O., Taliansky, M.E. and Vartapetian, A.B. (2004) A plant caspase-like protease activated 
during the hypersensitive response. Plant Cell, 16, 157-171.  

46. Chisholm, S.T., Coaker, G., Day, B. and Staskawicz, B.J. (2006) Host-microbe interactions: 
Shaping the evolution of the plant immune response. Cell, 124 (4), 803-814.  



- 138 - 

 

47. Chisholm, S.T., Dahlbeck, D., Krishnamurthy, N., Day, B., Sjolander, K. and Staskawicz, B.J. 
(2005) Molecular characterization of proteolytic cleavage sites of the Pseudomonas syringae 
effector AvrRpt2. Proceedings of the National Academy of Sciences of the United States of 
America, 102 (6), 2087-2092. 

48. Cirman, T., Orešić, K., Mazovec, G.D., Turk, V., Reed, J.C., Myers, R.M., Salvesen, G.S. and 
Turk, B. (2004) Selective Disruption of Lysosomes in HeLa Cells Triggers Apoptosis Mediated 
by Cleavage of Bid by Multiple Papain-like Lysosomal Cathepsins. Journal of Biological 
Chemistry, 279 (5), 3578-3587. 

49. Ciuffetti, L.M., Tuori, R.P.  and Gaventa, J.M. (1997) A single gene encodes a selective toxin 
causal to the development of tan spot of wheat. Plant Cell, 9, 135-144. 

50. Clawson, G.A. (1996) Protease inhibitors and carcinogenesis: A review. Cancer Investigation, 
14 (6), 597-608. 

51. Clough, S.J. and Bent, A.F. (1998). Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant Journal, 16, 735-743. 

52. Coaker, G., Falick, A. and Staskawicz, B. (2005) Activation of a phytopathogenic bacterial 
effector protein by a eukaryotic cyclophilin. Science, 308 (5721), 548-550.  

53. Coffeen, W.C. and Wolpert, T.J. (2004) Purification and characterization of serine proteases 
that exhibit caspase-like activity and are associated with programmed cell death in Avena 
sativa. Plant Cell, 16, 857-873. 

54. Cornwall, G.A., Cameron, A., Lindberg, I., Hardy, D.M., Cormier, N. and Hsia, N. (2003) The 
cystatin-related epididymal spermatogenic protein inhibits the serine protease prohormone 
convertase 2. Endocrinology, 144 (3), 901-908. 

55. Cortina, C. and Culiáñez-Macià, F.A. (2004) Tomato transformation and transgenic plant 
production. Plant cell, tissue and organ culture, 76, 269-275. 

56. Costanzo, S., Jia, Y. (2009) Alternatively spliced transcripts of Pi-ta blast resistance gene in 
Oryza sativa. Plant Science, 177 (5), 468-478.  

57. Dangl, J.L. (1994). The enigmatic avirulence genes of phytopathogenic bacteria. Bacterial 
Pathogenesis of Plants and Animals, ed. JL Dangl, 99-114. Berlin: Springer-Verlag 

58. Dangl, J.L.and Jones, J.D.G. (2001) Plant pathogens and integrated defence responses to 
infection.  Nature, 411 (6839), 826-833.  

59. Day, B., Dahlbeck, D. and Staskawicz, B.J. (2006) NDR1 interaction with RIN4 mediates the 
differential activation of multiple disease resistance pathways in A. thaliana. Plant Cell, 18 
(10), 2782-2791. 

60. Day, B., Dahlbeck, D., Huang, J., Chisholm, S.T., Li, D. and Staskawicz, B.J. (2005) Molecular 
basis for the RIN4 negative regulation of RPS2 disease resistance. Plant Cell, 17 (4), 1292-
1305.  

61. De Jonge, R. and Thomma, B.P.H.J. (2009) Fungal LysM effectors: extinguishers of host 
immunity? Trends in Microbiology, 17 (4), 151-157.  

62. De Wit, P., Mehrabi, R., Van den Burg, H.A. and Stergiopoulos, I. (2009) Fungal effector 
proteins: past, present and future. Molecular Plant Pathology 10, 735-747. 

63. De Wit, P.J.G.M. (1977) Light and scanning-electron microscopic study of infection of tomato 
plants by virulent and avirulent races of Cladosporium fulvum. Netherlands Journal of Plant 
Pathology, 83, 109-122. 

64. De Wit, P.J.G.M. (1997) Pathogen avirulence and plant resistance: a key role for recognition. 
Trends in Plant Science 2, 452-458. 

65. De Wit, P.J.G.M. (2007) How plants recognize pathogens and defend themselves? Cellular 
and Molecular Life Sciences, 64 (21), 2726-2732. 



- 139 - 

 

66. De Wit, P.J.G.M. and Spikman, G. (1982) Evidence for the occurrence of race and cultivar-
specific elicitors of necrosis in intercellular fluids of compatible interactions of Cladosporium 
fulvum and tomato. Physiological Plant Pathology 21, 1-8. 

67. De Wit, P.J.G.M., Joosten, M.H.A.J., Thomma, B.H.P.J. and Stergiopoulos, I. (2008) Gene-
for-gene models and beyond: the Cladosporium fulvum-tomato pathosystem. Mycota V, 135-
156. 

68. DeCook, R., Lall, S., Nettleton, D. and Howell, S.H. (2006) Genetic regulation of gene 
expression during shoot development in Arabidopsis. Genetics, 172, 1155-1164. 

69. Del Pozo, O. and Lam, E. (1998) Caspases and programmed cell death in the hypersensitive 
response of plants to pathogens. Current Biology, 8 (20), 1129-1132.  

70. Deslandes, L., Olivier, J., Peeters, N., Feng, D.X., Khounlotham, M., Boucher, C., Somssich, 
I., Genin, S. and, Marco, Y. (2003)  Physical interaction between RRS1-R, a protein conferring 
resistance to bacterial wilt, and PopP2, a type III effector targeted to the plant nucleus. 
Proceedings of the National Academy of Sciences of the United States of America, 100 (13),  
8024-8029 

71. Deslandes, L., Olivier, J., Theulières, F., Hirsch, J., Feng, D.X., Bittner-Eddy, P., Beynon, J. 
and Marco, Y. (2002) Resistance to Ralstonia solanacearum in A. thaliana is conferred by the 
recessive RRS1-R gene, a member of a novel family of resistance genes. Proceedings of the 
National Academy of Sciences of the United States of America, 99 (4),  2404-2409.  

72. Díaz, J., ten Have, A. and van Kan, J.A.L. (2002) The role of ethylene and wound signaling in 
resistance of tomato to Botrytis cinerea. Plant Physiology, 129, 1341-1351.  

73. Dickman, M.B., Park, Y.K., Oltersdorf, T., Li, W., Clemente, T. and French, R. (2001) 
Abrogation of disease development in plants expressing animal antiapoptotic genes. 
Proceedings of the National Academy of Sciences of the United States of America, 98 (12),  
6957-6962. 

74. Dinesh-Kumar, S.P., Tham, W.-H. and Baker, B.J. (2000) Structurefunction analysis of the 
tobacco mosaic virus resistance gene N. Proceedings of the National Academy of Sciences of 
the United States of America, 97, 14789-14794. 

75. Dixon, M.S., Golstein, C., Thomas, C.M., Van Der Biezen, E.A. and Jones, J.D.G. (2000) 
Genetic complexity of pathogen perception by plants: The example of Rcr3, a tomato gene 
required specifically by Cf-2. Proceedings of the National Academy of Sciences of the United 
States of America, 97 (16), 8807-8814.  

76. Dixon, M.S., Hatzixanthis, K., Jones, D.A., Harrison, K. and Jones, J.D.G. (1998) The tomato 
Cf-5 disease resistance gene and six homologs show pronounced allelic variation in leucine-
rich repeat copy number. Plant Cell, 10 (11), 1915-1925.  

77. Dixon, M.S., Jones D.A., Keddie J.S., Thomas C.M., Harrison K. and Jones J.D.G. (1996) The 
tomato Cf-2 disease resistance locus comprises two functional genes encoding leucine rich 
repeat proteins. Cell, 84, 451-459. 

78. Dodds, P.N, Lawrence, G.J. and Ellis, J.G. (2001) Six amino acid changes confined to the 
leucine-rich repeat beta-strand/beta-turn motif determine the difference between the P and P2 
rust resistancespecificities in flax. Plant Cell, 13, 163-178. 

79. Dodds, P.N., Catanzariti, A.M., Lawrence, G.J. and Ellis, J.G. (2007) Avirulence proteins of 
rust fungi: Penetrating the host-haustorium barrier. Australian Journal of Agricultural 
Research, 58 (6), 512-517.  

80. Dodds, P.N., Lawrence, G.J., Catanzariti, A.-M., Ayliffe, M.A. and Ellis, J.G.  (2004) The 
Melampsora lini AvrL567 avirulence genes are expressed in haustoria and their products are 
recognized inside plant cells. Plant Cell, 16 (3), 755-768.  

 



- 140 - 

 

81. Dodds, P.N., Lawrence, G.J., Catanzariti, A.-M., Teh, T., Wang, C.-I.A., Ayliffe, M.A., Kobe, B. 
and Ellis, J.G. (2006) Direct protein interaction underlies gene-for-gene specificity and 
coevolution of the flax resistance genes and flax rust avirulence genes. Proceedings of the 
National Academy of Sciences of the United States of America, 103 (23),  8888-8893 

82. Dou, D., Kale, S.D., Wang, X., Chen, Y., Wang, Q., Wang, X., Jiang, R.H.Y., Arredondo, F.D., 
Anderson, R.G., Thakur, P.B., McDowell, J.M., Wang, Y. and Tyler, B.M. (2008) Conserved C-
terminal motifs required for avirulence and suppression of cell death by Phytophthora sojae 
effector Avr1b. Plant Cell, 20 (4), 1118-1133.  

83. Drake, R., John, I., Farrell, A., Cooper, W., Schuch, W. and Grierson, D. (1996) Isolation and 
analysis of cDNAs encoding tomato cysteine proteases expressed during leaf senescence. 
Plant Molecular Biology, 30 (4), 755-767. 

84. D'Silva, I., Poirier, G.G. and Heath, M.C. (1998) Activation of cysteine proteases in cowpea 
plants during the hypersensitive response - A form of programmed cell death. Experimental 
Cell Research, 245, 389-399. 

85. Dunaevsky, Ya.E., Elpidina, E.N., Vinokurov, K.S. and Belozersky, M.A. (2005) Protease 
inhibitors in improvement of plant resistance to pathogens and insects. Molecular Biology, 39 
(4), 608-613.  

86. Ellis, J.G., Dodds, P.N. and Pryor, T. (2000) Structure, function and evolution of plant disease 
resistance genes. Current Opinion in Plant Biology, 3 (4), 278-284. 

87. Ellis, J.G., Lawrence, G.J., Luck, J.E. and Dodds, P.N. (1999) Identification of regions in 
alleles of the flax rust resistance gene L that determine differences in gene-for-gene specificity 
Plant Cell, 11 (3),  495-506.  

88. Erwin, D., and Ribeiro, O.K. (1996). Phytophthora Diseases Worldwide. St Paul, Minnesota: 
APS Press. 

89. Espinosa, A. and Alfano, J.R. (2004) Disabling surveillance: Bacterial type III secretion system 
effectors that suppress innate immunity. Cellular Microbiology, 6 (11), 1027-1040. 

90. Eulgem, T. and Somssich, I.E. (2007) Networks of WRKY transcription factors in defense 
signaling. Current Opinion in Plant Biology, 10 (4), 366-371.  

91. Falk, A., Feys, B.J., Frost, L.N., Jones, J.D.G., Daniels, M.J. and Parker, J.E. (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. 

92. Ferreira, R.B., Monteiro, S., Freitas, R., Santos, C.N., Chen, Z., Batista, L.M., Duarte, J., 
Borges, A. and Teixeira, A.R. (2007) The role of plant defence proteins in fungal 
pathogenesis. Molecular Plant Pathology, 8 (5),  677-700 

93. Flor, H. H.(1971) Current status of the gene-for-gene concept. Annual Review Phytopathology 
9,  275-296 

94. Flor, H. H. (1942) Inheritance pathogenicity in a cross between physiological races 22 and 24 
of Melampsora lini. Phytopathology 32:5 (Abstr.) 

95. Foghsgaard, L., Wissing, D., Mauch, D., Lademann, U., Bastholm, L., Boes, M., Elling, F., 
Leist, M. and Jäättelä, M. (2001) Cathepsin B acts as a dominant execution protease in tumor 
cell apoptosis induced by tumor necrosis factor. Journal of Cell Biology, 153 (5), 999-1009. 

96. Fradin, E.F. and Thomma, B.P.H.J. (2006) Physiology and molecular aspects of Verticillium 
wilt diseases caused by V. dahliae and V. albo-atrum. Molecular Plant Pathology, 7, 71-86.  

97. Friesen, T.L., Faris, J.D., Solomon, P.S. and Oliver, R.P. (2008) Host-specific toxins: Effectors 
of necrotrophic pathogenicity. Cellular Microbiology, 10 (7), 1421-1428.  

98. Frost, D., Way, H., Howles, P., Luck, J., Manners, J., Hardham, A.,Finnegan, J. and Ellis, J. 
(2004) Tobacco  transgenic for the flax rust resistance gene L expresses allele-specific 
activation of defense responses. Molecular Plant-Microbe Interactions, 17, 224-232 



- 141 - 

 

99. Fuentes-Prior, P. and Salvesen, G.S. (2004) The protein structures that shape caspase 
activity, specificity, activation and inhibition. Biochemical Journal, 384 (2), 201-232. 

100. Fukuda, H. (2000) Programmed cell death of tracheary elements as a paradigm in plants. 
Plant Molecular Biology, 44 (3), 245-253. 

101. Funk, V., Kositsup, B., Zhao, C.S. and Beers, E.P. (2002) The Arabidopsis xylem peptidase 
XCP1 is a tracheary element vacuolar protein that may be a papain ortholog. Plant 
Physiology, 128, 84-94. 

102. Gechev, T.S., Gadjev, I.Z. and Hille, J. (2004). An extensive microarray analysis of AAL-toxin-
induced cell death in Arabidopsis thaliana brings new insights into the complexity of 
programmed cell death in plants. Cellular and Molecular Life Sciences, 61, 1185-1197. 

103. Gentleman, R.C., Carey, V.J., Bates, D.M., Bolstad, B., Dettling, M., Dudoit, S., Ellis, B., 
Gautier, L., Ge, Y., Gentry, J., Hornik, K., Hothorn, T., Huber, W., Iacus, S., Irizarry, R., 
Leisch, F., Li, C., Maechler, M., Rossini, A.J., Sawitzki, G., Smith, C., Smyth, G., Tierney, L., 
Yang, J.Y. and Zhang, J. (2004) Bioconductor: open software development for computational 
biology and bioinformatics. Genome Biology, 5, R80. 

104. Gilroy, E.M., Hein, I., van der Hoorn, R., Boevink, P.C., Venter, E., McLellan, H., Kaffarnik, F., 
Hrubikova, K., Shaw, J., Holeva, M., López, E.C., Borras-Hidalgo, O., Pritchard, L., Loake, 
G.J., Lacomme, C. and Birch, P.R. (2007)  Involvement of cathepsin B in the plant disease 
resistance hypersensitive response. Plant Journal, 52, 1-13. 

105. Glazebrook, J. (2001) Genes controlling expression of defense responses in Arabidopsis - 
2001 status. Current Opinion in Plant Biology, 4, 301-308. 

106. Göhre, V. And Robatzek, S. (2008) Breaking the barriers: Microbial effector molecules subvert 
plant immunity. Annual Review of Phytopathology, 46, 189-215.  

107. Gomez, D.E., Alonso, D.F., Yoshiji, H. and Thorgeirsson, U.P. (1997) Tissue inhibitors of 
metalloproteinases: Structure, regulation and biological functions. European Journal of Cell 
Biology, 74 (2), 111-122. 

108. Goulet, B., Baruch, A., Moon, N.-S., Poirier, M., Sansregret, L.L., Erickson, A., Bogyo, M. and 
Nepveu, A. (2004) A cathepsin L isoform that is devoid of a signal peptide localizes to the 
nucleus in S phase and processes the CDP/Cux transcription factor. Molecular Cell, 14 (2), 
207-219.  

109. Govrin, E.M. and Levine, A. (2000) The hypersensitive response facilitates plant infection by 
the necrotrophic pathogen Botrytis cinerea. Current Biology, 10 (13), 751-757. 

110. Grant, M.R., Godiard, L., Straube, E., Ashfield, T., Lewald, J., Sattler, A., Innes, R.W. and 
Dangl, J.L. (1995) Structure of the A. thaliana RPM1 gene enabling dual specificity disease 
resistance. Science, 269 (5225),  843-846. 

111. Greenbaum, D., Baruch, A., Hayrapetian L., Darula, Z., Burlingame, A., Medzihradszky, K. F. 
and Bogyo, M. (2002) Chemical approaches for functionally probing the proteome. Molecular 
and Cellular Proteomics 1.1, 60-68. 

112. Greenbaum, D., Medzihradszky, K.F., Burlingame, A. and Bogyo, M. (2000) Epoxide 
electrophiles as activity-dependent cysteine protease profiling and discovery tools. Chemistry 
and Biology, 7 (8), 569-581. 

113. Grignon, C. and Sentenac, H. (1991) pH and ionic conditions in the apoplast. Annual Review 
of Plant Physiology and Plant Molecular Biology, 42 (1), 103-128. 

114. Gruis, D., Schulze, J. and Jung, R. (2004) Storage Protein Accumulation in the Absence of the 
Vacuolar Processing Enzyme Family of Cysteine Proteases. Plant Cell, 16 (1), 270-290.  

115. Guicciardi, M.E., Miyoshi, H., Bronk, S.F. and Gores, G.J. (2001) Cathepsin B knockout mice 
are resistant to tumor necrosis factor-α-mediated hepatocyte apoptosis and liver injury: 
Implications for therapeutic applications. American Journal of Pathology, 159 (6), 2045-2054.  



- 142 - 

 

116. Guo, Y., Cai, Z. and Gan, S. (2004) Transcriptome of Arabidopsis leaf senescence. Plant, Cell 
and Environment, 27 (5), 521-549. 

117. Gutierrez-Campos, R., Torres-Acosta, J.A., Saucedo-Arias, L.J. and Gomez-Lim, M.A. (1999) 
The use of cysteine proteinase inhibitors to engineer resistance against potyviruses in 
transgenic tobacco plants. Nature Biotechnology, 17 (12), 1223-1226. 

118. Haanstra, J.P.W., Laugé, R., Meijer-Dekens, F., Bonnema, G., De Wit, P.J.G.M. and Lindhout, 
P. (1999) The Cf-ECP2 gene is linked to, but not part of, the Cf-4/Cf-9 cluster on the short arm 
of chromosome 1 in tomato. Molecular and General Genetics, 262 (4-5),  839-845.   

119. Haanstra, J.P.W., Meijer-Dekens, F., Laugé, R., Seetanah, D.C., Joosten, M.H.A.J., De Wit, 
P.J.G.M. and Lindhout, P. (2000) Mapping strategy for resistance genes against 
Cladosporium fulvum on the short arm of Chromosome 1 of tomato: Cf-ECP5 near the Hcr9 
Milky Way cluster. Theoretical and Applied Genetics, 101 (4),  661-668.  

120. Hahn, M., Jungling, S. and Knogge, W. (1993) Cultivar-specific elicitation of barley defense 
reactions by the phytotoxic peptide NIP1 from Rhynchosporium secalis. Molecular Plant-
Microbe Interactions, 6 (6), 745-754.  

121. Hammond-Kosack, K.E., Harrison, K., and Jones, J.D.G. (1994) Developmentally regulated 
cell death on expression of the fungal avirulence gene Avr9 in tomato seedlings carrying the 
disease-resistance gene Cf-9. Proceedings of the National Academy of Sciences of the United 
States of America, 91, 10445-10449.  

122. Hammond-Kosack, K.E., Tang, S., Harrison, K. and Jones, J.D.G. (1998) The tomato Cf-9 
disease resistance gene functions in tobacco and potato to confer responsiveness to the 
fungal avirulence gene product Avr9. Plant Cell, 10 (8), 1251-1266.  

123. Haq, S.K., Atif, S.M. and Khan, R.H. (2004) Protein proteinase inhibitor genes in combat 
against insects, pests, and pathogens: Natural and engineered phytoprotection. Archives of 
Biochemistry and Biophysics, 431 (1), 145-159. 

124. Harrak H., Azelmat, S., Baker E.N. and Tabaeizadeh, Z. (2001) Isolation and characterization 
of a gene encoding a drought-induced cysteine protease in tomato (Lycopersicon 
esculentum). Genome 44, 368-374. 

125. Harris, M.A., Clark, J., Ireland, A., Lomax, J., Ashburner, M., Foulger, R., Eilbeck, K., Lewis, 
S., Marshall, B., Mungall, C., Richter, J., Rubin, G.M., Blake, J.A., Bult, C., Dolan, M., Drabkin, 
H., Eppig, J.T., Hill, D.P., Ni, L., Ringwald, M., Balakrishnan, R., Cherry, J.M., Christie, K.R., 
Costanzo, M.C., Dwight, S.S., Engel, S., Fisk, D.G., Hirschman, J.E., Hong, E.L., Nash, R.S., 
Sethuraman, A., Theesfeld, C.L., Botstein, D., Dolinski, K., Feierbach, B., Berardini, T., 
Mundodi, S., Rhee, S.Y., Apweiler, R., Barrell, D., Camon, E., Dimmer, E., Lee, V., Chisholm, 
R., Gaudet, P., Kibbe, W., Kishore, R., Schwarz, E.M., Sternberg, P., Gwinn, M., Hannick, L., 
Wortman, J., Berriman, M., Wood, V., de la Cruz, N., Tonellato, P., Jaiswal, P., Seigfried, T. 
and White, R.; Gene Ontology Consortium (2004) The Gene Ontology (GO) database and 
informatics resource. Nucleic Acids Research 32, D258-D261. 

126. Hatsugai, N., Kuroyanagi, M., Nishimura, M. and Hara-Nishimura, I. (2006) A cellular suicide 
strategy of plants: vacuole-mediated cell death. Apoptosis 11, 905-911. 

127. Hatsugai, N., Kuroyanagi, M., Yamada, K., Meshi, T., Tsuda, S., Kondo, M., Nishimura, M. 
and Hara-Nishimura, I. (2004) A plant vacuolar protease, VPE, mediates virus-induced 
hypersensitive cell death. Science, 305, 855-858. 

128. Hellens, R.P., Edwards, E.A., Leyland, N.R., Bean, S. and Mullineaux, P.M. (2000) pGreen: a 
versatile and flexible binary Ti vector for Agrobacterium-mediated plant transformation. Plant 
Molecular Biology, 42, 819-832. 

129. Henecke, H. and D. P. S. Verma (ed.) (1990) Advances in molecular genetics of plant-microbe 
interactions, vol. 1. Kluwer Academic Press, Dordrecht. 



- 143 - 

 

130. Hoeberichts, F.A., Ten Have, A. and Woltering, E.J. (2003) A tomato metacaspase gene is 
upregulated during programmed cell death in Botrytis cinerea-infected leaves. Planta, 217 (3), 
517-522.  

131. Holwerda, B.C., Galvin, N.J., Baranski, T.J. and Rogers, J.C. (1990) In vitro processing of 
aleurain, a barley vacuolar thiol protease. Plant Cell, 2 (11), 1091-1106.  

132. Hotson, A. and Mudgett, M.B. (2004) Cysteine proteases in phytopathogenic bacteria: 
identification of plant targets and activation of innate immunity. Current Opinion in Plant 
Biology, 7, 384-390. 

133. Hotson, A., Chosed, R., Shu, H., Orth, K. and Mudgett, M.B. (2003) Xanthomonas type III 
effector XopD targets SUMO-conjugated proteins in planta. Molecular Microbiology, 50 (2), 
377-389.  

134. Houterman, P.M., Ma, L., Van Ooijen, G., De Vroomen, M.J., Cornelissen, B.J.C., Takken, 
F.L.W. and Rep, M. (2009) The effector protein Avr2 of the xylem-colonizing fungus Fusarium 
oxysporum activates the tomato resistance protein I-2 intracellularly. Plant Journal, 58 (6), 
970-978.  

135. Huang, C.-C. and Lindhout, P. (1997) Screening for resistance in wild Lycopersicon species to 
Fusarium oxysporum f. sp. lycopersici race 1 and race 2. Euphytica, 93 (2), 145-153.  

136. Hubert, D. A., Tornero, P., Belkhadir, Y., Krishna, P., Takahashi, A.,Shirasu, K.  and Dangl, J. 
L. (2003) Cytosolic HSP90 associates with and modulates the Arabidopsis RPM1 disease 
resistance protein. EMBO Journal, 22, 5679-5689. 

137. Innes, R.W., Bent, A.F., Kunkel, B.N., Bisgrove, S.R. and Staskawicz, B.J. (1993) Molecular 
analysis of avirulence gene avrRpt2 and identification of a putative regulatory sequence 
common to all known Pseudomonas syringae avirulence genes. Journal of Bacteriology, 175 
(15), 4859-4869.  

138. Iriarte, M. and Cornelis, G.R. (1998) YopT, a new Yersinia Yop effector protein, affects the 
cytoskeleton of host cells. Molecular Microbiology, 29 (3), 915-929. 

139. Jeuken, M.J.W., Zhang, N.W., McHale, L.K., Pelgrom, K., Den Boer, E., Lindhout, P., 
Michelmore, R.W., Visser, R.G.F. and Niks, R.E. (2009) Rin4 causes hybrid necrosis and 
race-specific resistance in an interspecific lettuce hybrid. Plant Cell, 21 (10), 3368-3378. 

140. Jia, Y. and Martin, R. (2008) Identification of a new locus, Ptr(t), required for rice blast 
resistance gene Pi-ta-mediated resistance.  Molecular Plant-Microbe Interactions, 21 (4), 396-
403.  

141. Jia, Y., McAdams, S.A., Bryan, G.T., Hershey, H.P. and Valent, B. (2000) Direct interaction of 
resistance gene and avirulence gene products confers rice blast resistance. EMBO Journal, 
19, 4004-4014.  

142. Jones, A.M., Coimbra, S., Fath, A., Sottomayor, M. and Thomas, H. (2001) Programmed cell 
death assays for plants. Methods in Cell Biology, (66), 437-451.  

143. Jones, D.A. and Jones, J.D.G.(1997) The role of leucine-rich repeat proteins in plant 
defences. Advances in Botanical Research. Vol. 24, 89-167.  

144. Jones, D.A., Thomas, C.M., Hammond-Kosack, K.E., Balint-Kurti, P.J. and Jones, J.D.G. 
(1994) Isolation of the tomato Cf-9 gene for resistance to Cladosporium fulvum by transposon 
tagging. Science, 266 (5186), 789-793. 

145. Jones, J.D.G. and Dangl, J.L. (2006) The plant immune system. Nature 444 (7117) 323-329.  
146. Joosten, M.H.A.J. and de Wit, P.J.G.M. (1988) Isolation, purification and preliminary 

characterization of a protein specific for compatible Cladosporium fulvum (syn. Fulvia fulva)-
tomato interactions. Physiological and Molecular Plant Pathology, 33 (2), 241-253. 

147. Joosten, M.H.A.J. and De Wit, P.J.G.M. (1999) The tomato - Cladosporium fulvum interaction: 
A versatile experimental system to study plant-pathogen interactions. Annual Review of 
Phytopathology 37, 335-367. 



- 144 - 

 

148. Joosten, M.H.A.J., Cozijnsen, T.J. and De Wit, P.J.G.M. (1994) Host resistance to a fungal 
tomato pathogen lost by a single base-pair change in an avirulence gene. Nature 367, 384-
386. 

149. Joosten, M.H.A.J., Vogelsang, R., Cozijnsen, T.J., Verberne, M.C. and De Wit, P.J.G.M. 
(1997) The biotrophic fungus Cladosporium fulvum circumvents Cf-4-mediated resistance by 
producing unstable AVR4 elicitors. Plant Cell 9, 367-379. 

150. Jordan, T., Schornack, S. and Lahaye, T. (2002)  Alternative splicing of transcripts encoding 
toll-like plant resistance proteins - What's the functional relevance to innate immunity? Trends 
in Plant Science, 7 (9), 392-398. 

151. Kajava, A.V. (1998) Structural diversity of leucine-rich repeat proteins. Journal of Molecular 
Biology, 277 (3), 519-527.  

152. Kaku, H., Nishizawa, Y., Ishii-Minami, N., Akimoto-Tomiyama, C., Dohmae, N., Takio, K., 
Minami, E. and Shibuya, N. (2006) Plant cells recognize chitin fragments for defense signaling 
through a plasma membrane receptor. Proceedings of the National Academy of Sciences of 
the United States of America, 103 (29), 11086-11091.  

153. Kamoun, S. (2006) A catalogue of the effector secretome of plant pathogenic oomycetes. 
Annual Review of Phytopathology, 44, 41-60. 

154. Kamoun, S. (2007) Groovy times: filamentous pathogen effectors revealed. Current Opinion in 
Plant Biology, 10 (4) 358-365.  

155. Kang, S., Lebrun, M.H., Farrall, L. and Valent, B. (2001) Gain of virulence caused by insertion 
of a Pot3 transposon in a Magnaporthe grisea avirulence gene. Molecular Plant-Microbe 
Interactions, 14 (5), 671-674.  

156. Keen, N.T. (1975) Specific elicitors of plant phytoalexin production: Determinants of race 
specificity in pathogens? Science, 187 (4171), 74-75. 

157. Keogh, R.C., Deverall, B.J. and McLeod, S. (1980). Comparison of histological and 
physiological responses to Phakopsora pachyrhizi in resistant and susceptible soybean. 
Transactions of the British Mycological Society, 74, 329-333. 

158. Kiggundu, A., Goulet, M.-C., Goulet, C., Dubuc, J.-F., Rivard, D., Benchabane, M., Pépin, G., 
Vyver, C.V.D., Kunert, K. and Michaud, D. (2006) Modulating the proteinase inhibitory profile 
of a plant cystatin by single mutations at positively selected amino acid sites. Plant Journal, 48 
(3), 403-413. 

159. Kim, H.-S., Desveaux, D., Singer, A.U., Patel, P., Sondek, J. and Dangl, J.L. (2005a) The 
Pseudomonas syringae effector AvrRpt2 cleaves its C-terminally acylated target, RIN4, from 
A. thaliana membranes to block RPM1 activation. Proceedings of the National Academy of 
Sciences of the United States of America, 102 (18), 6496-6501.  

160. Kim, M.G., da Cunha, L., McFall, A.J., Belkhadir, Y., DebRoy, S., Dangl, J.L., and Mackey, D. 
(2005b) Two Pseudomonas syringae type III effectors inhibit RIN4-regulated basal defense in 
Arabidopsis. Cell 121, 749-759.  

161. Kinoshita, T., Yamada, K., Hiraiwa, N., Kondo, M., Nishimura, M. and Hara-Nishimura, I. 
(1999) Vacuolar processing enzyme is up-regulated in the lytic vacuoles of vegetative tissues 
during senescence and under various stressed conditions. Plant Journal, 19 (1), 43-53. 

162. Kiyosaki, T., Asakura, T., Matsumoto, I., Tamura, T., Terauchi, K., Funaki, J., Kuroda, M., 
Misaka, T. and Abe, K. (2009) Wheat cysteine proteases triticain alpha, beta and gamma 
exhibit mutually distinct responses to gibberellin in germinating seeds. Journal of Plant 
Physiology 166, 101-106. 

163. Klement, Z. (1963) Rapid detection of the pathogenicity of phytopathogenic pseudomonads, 
Nature, 199 (4890), 299-300.  



- 145 - 

 

164. Kliebenstein, D.J., Rowe, H.C. and Denby, K.J. (2005) Secondary metabolites influence 
Arabidopsis/Botrytis interactions: variation in host production and pathogen sensitivity. Plant 
Journal 44, 25-36. 

165. Kobe, B. and Kajava, A.V. (2001) The leucine-rich repeat as a protein recognition motif. 
Current Opinion in Structural Biology, 11 (6), 725-732. 

166. Kocks, C., Maehr, R., Overkleeft, H.S., Wang, E.W., Iyer, L.K., Lennon-Dumenil, A.M., Ploegh, 
H.L. and Kessler, B.M. (2003) Functional proteomics of the active cysteine protease content in 
Drosophila S2 cells. Molecular and Cellular Proteomics, 2 (11), 1188-1197. 

167. Kombrink, E. and Hahlbrock, K. (1990) Rapid, systemic repression of the synthesis of ribulose 
1,5-bisphosphate carboxylase small-subunit mRNA in fungus-infected or elicitor-treated potato 
leaves. Planta, 181 (2), 216-219.  

168. Konno, K., Hirayama, C., Nakamura, M., Tateishi, K., Tamura, Y., Hattori, M. and Kohno, K. 
(2004) Papain protects papaya trees from herbivorous insects: Role of cysteine proteases in 
latex. Plant Journal, 37 (3), 370-378.  

169. Kooman-Gersmann, M., Honée, G., Bonnema, G. and De Wit, P.J.G.M. (1996) A high-affinity 
binding site for the AVR9 peptide elicitor of Cladosporium fulvum is present on plasma 
membranes of tomato and other solanaceous plants. Plant Cell, 8, 929-938. 

170. Kooman-Gersmann, M., Vogelsang, R., Vossen, P., Van den Hooven, H.W., Mahe, E., Honeé, 
G. and De Wit, P.J.G.M. (1998) Correlation between binding affinity and necrosis-inducing 
activity of mutant AVR9 peptide elicitors. Plant Physiology 117, 609-618. 

171. Koonin, E.V. and Aravind, L. (2002) Origin and evolution of eukaryotic apoptosis: The bacterial 
connection. Cell Death and Differentiation, 9 (4), 394-404. 

172. Kordiš, D. and Turk, V. (2009) Phylogenomic analysis of the cystatin superfamily in 
eukaryotes and prokaryotes. BMC Evolutionary Biology, 9 (1), art. no. 266, . 

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

174. Kumar, S. (2007) Caspase function in programmed cell death. Cell Death and Differentiation, 
14 (1), 32-43.  

175. Kunkel, B.N., Bent, A.F., Dahlbeck, D., Innes, R.W. and Staskawicz, B.J. (1993) RPS2, an A. 
thaliana disease resistance locus specifying recognition of Pseudomonas syringae strains 
expressing the avirulence gene avrRpt2. Plant Cell, 5 (8), 865-875.  

176. Kuriyama, H., Fukuda, H. (2002) Developmental programmed cell death in plants. Current 
Opinion in Plant Biology, 5 (6), 568-573. 

177. Kuroyanagi, M., Yamada, K., Hatsugai, N., Kondo, M., Nishimura, M. and Hara-Nishimura, I. 
(2005) Vacuolar processing enzyme is essential for mycotoxin-induced cell death in 
Arabidopsis thaliana. Journal of Biological Chemistry, 280, 32914-32920. 

178. Lamkanfi, M., Festjens, N., Declercq, W., Berghe, T.V. and Vandenabeele, P. (2007) 
Caspases in cell survival, proliferation and differentiation. Cell Death and Differentiation, 14 
(1), 44-55. 

179. Laterrot, H. (1986) Race 2.5.9, a new race of Cladosporium fulvum (Fulvia fulva) and sources 
of resistance in tomato. Netherlands Journal of Plant Pathology, 92, 305-307. 

180. Laugé, R., Goodwin, P.H., De Wit, P.J.G.M. and Joosten, M.H.A.J. (2000) Specific HR-
associated recognition of secreted proteins from Cladosporium fulvum occurs in both host and 
non-host plants. Plant Journal 23, 735-745. 

181. Laugé, R., Joosten, M.H.A.J., Haanstra, J.P.W., Goodwin, P.H., Lindhout, P. and De Wit, 
P.J.G.M. (1998) Successful search for a resistance gene in tomato targeted against a 
virulence factor of a fungal pathogen. Proceedings of the National Academy of Sciences of the 
United States of America, 95 (15), 9014-9018.  



- 146 - 

 

182. Laugé, R., Joosten, M.H.A.J., Van Den Ackerveken, G.F.J.M., Van Den Broek, H.W.J. and De 
Wit, P.J.G.M. (1997) The in planta-produced extracellular proteins ECP1 and ECP2 of 
Cladosporium fulvum are virulence factors. Molecular Plant-Microbe Interactions, 10 (6), 725-
734.  

183. Lawrence, G.J., Finnegan, E.J., Ayliffe, M.A. and Ellis, J.G. (1995) The L6 gene for flax rust 
resistance is related to the A. thaliana bacterial resistance gene RPS2 and the tobacco viral 
resistance gene N. Plant Cell, 7 (8),  1195-1206. 

184. Lawrence, P.K. and Koundal, K.R. (2002) Plant protease inhibitors in control of phytophagous 
insects. Electronic Journal of Biotechnology, 5 (1), 93-109. 

185. Lazarovits, G. and Higgins, V. J. (1976) Histological comparison of Cladosporium fulvum race 
1 on immune, resistant, and susceptible tomato varieties. Canadian Journal of Botany, 54, 
224-234. 

186. Lecaille, F., Choe, Y., Brandt, W., Li, Z.Q., Craik, C.S. and Bromme, D. (2002) Selective 
inhibition of the collagenolytic activity of human cathepsin K by altering its S2 subsite 
specificity. Biochemistry 41, 8447-8454. 

187. Lee, H.K., Braynen, W., Keshav, K. and Pavlidis, P. (2005) ErmineJ: tool for functional 
analysis of gene expression data sets. BMC Bioinformatics, 6, 269. 

188. Leipe, D.D., Koonin, E.V. and Aravind, L. (2004) STAND, a class of P-loop NTPases including 
animal and plant regulators of programmed cell death: Multiple, complex domain 
architectures, unusual phyletic patterns, and evolution by horizontal gene transfer. Journal of 
Molecular Biology, 343 (1), 1-28. 

189. Leist, M. and Jäättelä, M. (2001) Four deaths and a funeral: From caspases to alternative 
mechanisms. Nature Reviews Molecular Cell Biology, 2 (8), 589-598. 

190. Leister, R.T., Ausubel, F.M. and Katagiri, F. (1996) Molecular recognition of pathogen attack 
occurs inside of plant cells in plant disease resistance specified by the A. thaliana genes 
RPS2 and RPM1. Proceedings of the National Academy of Sciences of the United States of 
America, 93 (26), 15497-15502.  

191. Li, C.-M., Brown, I., Mansfield, J., Stevens, C., Boureau, T., Romantschuk, M. and Taira, S. 
(2002) The Hrp pilus of Pseudomonas syringae elongates from its tip and acts as a conduit for 
translocation of the effector protein HrpZ.  EMBO Journal, 21 (8), 1909-1915.  

192. Lim, M.T.S. and Kunkel, B.N. (2004) The Pseudomonas syringae type III effector AvrRpt2 
promotes virulence independently of RIN4, a predicted virulence target in A. thaliana. Plant 
Journal, 40 (5), 790-798.  

193. Lindgren, P.B. (1997) The role of hrp genes during plant-bacterial interactions. Annual Review 
of Phytopathology, 35, 129-152.  

194. Lindgren, P.B., Panopoulos, N.J., Staskawicz, B.J. and Dahlbeck, D. (1988) Genes required 
for pathogenicity and hypersensitivity are conserved and interchangeable among pathovars of 
Pseudomonas syringae. Molecular and General Genetics, 211 (3), 499-506.  

195. Liu, Y., Schiff, M., Serino, G., Deng, X.W. and Dinesh-Kumar, S.P. (2002) Role of SCF 
ubiquitin-ligase and COP9 signalosome in the N gene-mediated resistance response to 
Tobacco mosaic virus. Plant Cell, 14, 1483-1496. 

196. Lorang J.M. and Keen N.T. (1995) Characterization of avrE from Pseudomonas syringae pv. 
tomato: a hrp-linked avirulence locus consisting of at least two transcriptional units. Molecular 
Plant-Microbe Interactions, 8, 49-57. 

197. Luck, J.E., Lawrence, G.J., Dodds, P.N., Shepherd, K.W. and Ellis, J.G. (2000) Regions 
outside of the leucine-rich repeats of flax rust resistance proteins play a role in specificity 
determination.  Plant Cell, 12 (8), 1367-1377. 

 



- 147 - 

 

198. Luderer, R., Rivas, S., Nürnberger, T., Mattei, B., Van den Hooven, H.W., Van der Hoorn, 
R.A.L., Romeis, T., Wehrfritz, J.-M., Blume, B., Nennstiel, D., Zuidema, D., Vervoort, J., De 
Lorenzo, G., Jones, J.D.G., De Wit, P.J.G.M. and Joosten, M.H.A.J. (2001) No evidence for 
binding between resistance gene product Cf-9 of tomato and avirulence gene product AVR9 of 
Cladosporium fulvum. Molecular Plant-Microbe Interactions, 14 (7), 867-876.  

199. Luderer, R., Takken, F.L.W., De Wit, P.J.G.M. and Joosten, M.H.A.J. (2002) Cladosporium 
fulvum overcomes Cf-2-mediated resistance by producing truncated AVR2 elicitor proteins.  
Molecular Microbiology, 45 (3), 875-884.  

200. Ma, L.-J., Van Der Does, H.C., Borkovich, K.A., Coleman, J.J., Daboussi, M.-J., Di Pietro, A., 
Dufresne, M., Freitag, M., Grabherr, M., Henrissat, B., Houterman, P.M., Kang, S., Shim, W.-
B., Woloshuk, C., Xie, X., Xu, J.-R., Antoniw, J., Baker, S.E., Bluhm, B.H., Breakspear, A., 
Brown, D.W., Butchko, R.A.E., Chapman, S., Coulson, R., Coutinho, P.M., Danchin, E.G.J., 
Diener, A., Gale, L.R., Gardiner, D.M., Goff, S., Hammond-Kosack, K.E., Hilburn, K., Hua-
Van, A., Jonkers, W., Kazan, K., Kodira, C.D., Koehrsen, M., Kumar, L., Lee, Y.-H., Li, L., 
Manners, J.M., Miranda-Saavedra, D., Mukherjee, M., Park, G., Park, J., Park, S.-Y., Proctor, 
R.H., Regev, A., Ruiz-Roldan, M.C., Sain, D., Sakthikumar, S., Sykes, S., Schwartz, D.C., 
Turgeon, B.G., Wapinski, I., Yoder, O., Young, S., Zeng, Q., Zhou, S., Galagan, J., Cuomo, 
C.A., Kistler, H.C., Rep, M. (2010) Comparative genomics reveals mobile pathogenicity 
chromosomes in Fusarium. Nature, 464 (7287), 367-373.  

201. Mackey, D., Belkhadir, Y., Alonso, J.M., Ecker, J.R. and Dangl, J.L. (2003) A. thaliana RIN4 is 
a target of the type III virulence effector AvrRpt2 and modulates RPS2-mediated resistance, 
Cell, 112 (3),  379-389.  

202. Mackey, D., Holt, B.F., Wiig, A. and Dangl, J.L. (2002) RIN4 interacts with Pseudomonas 
syringae type III effector molecules and is required for RPM1-mediated resistance in 
Arabidopsis. Cell, 108 (6), 743-754. 

203. Margis, R., Reis, E.M. and Villeret, V. (1998) Structural and phylogenetic relationships among 
plant and animal cystatins. Archives of Biochemistry and Biophysics, 359 (1), 24-30.  

204. Margis-Pinheiro, M., Zolet, A.C.T., Loss, G., Pasquali, G. and Margis, R. (2008) Molecular 
evolution and diversification of plant cysteine proteinase inhibitors: New insights after the 
poplar genome. Molecular Phylogenetics and Evolution, 49 (1), 349-355. 

205. Marmeisse, R., Van den Ackerveken, G.F.J.M., Goosen, T., De Wit, P.J.G.M. and Van den 
Broek, H.W.J. (1993) Disruption of the avirulence gene avr9 in two races of the tomato 
pathogen Cladosporium fulvum causes virulence on tomato genotypes with the 
complementary resistance gene Cf9. Molecular Plant-Microbe Interactions 6,  412-417. 

206. Martin, G.B., Brommonschenkel, S.H., Chunwongse, J., Frary, A., Ganal, M.W., Spivey, R., 
Wu, T., Earle, E.D. and Tanksley, S.D. (1993) Map-based cloning of a protein kinase gene 
conferring disease resistance in tomato. Science, 262 (5138), 1432-1436. 

207. Martin, G.B., Frary A., Wu T., Brommonschenkel S., Chunwongse J., Earle E.D. and Tanksley 
S.D. (1994) A member of the tomato Pto gene family confers sensitivity to fenthion resulting in 
rapid celldeath. Plant Cell, 6  543-1552 

208. Martin, S.J. and Green, D.R. (1995) Protease activation during apoptosis: Death by a 
thousand cuts? Cell, 82 (3), 349-352. 

209. Martinez, M. and Diaz, I. (2008) The origin and evolution of plant cystatins and their target 
cysteine proteinases indicate a complex functional relationship. BMC Evolutionary Biology, 8, 
198. 

210. Martins, L.M., Mesner, P.W., Kottke, T.J., Basi, G.S., Sinha, S., Tung, J.S., Svingen, P.A., 
Madden, B.J., Takahashi, A., McCormick, D.J., Earnshaw, W.C. and Kaufmann, S.H. (1997) 
Comparison of caspase activation and subcellular localization in HL-60 and K562 cells 
undergoing etoposide-induced apoptosis. Blood, 90 (11), 4283-4296.  



- 148 - 

 

211. McLellan, H., Gilroy, E.M., Yun, B.-W., Birch, P.R.J. and Loake, G.J. (2009) Functional 
redundancy in the Arabidopsis Cathepsin B gene family contributes to basal defence, the 
hypersensitive response and senescence. New Phytologist, 183 (2), 408-418. 

212. Meyers, B.C., Dickerman, A.W., Michelmore, R.W., Sivaramakrishnan, S., Sobral, B.W. and 
Young, N.D. (1999) Plant disease resistance genes encode members of an ancient and 
diverse protein family within the nucleotide-binding superfamily. Plant Journal, 20, 317-332. 

213. Meyers, B.C., Kozik, A., Griego, A., Kuang, H. and Michelmore, R.W. (2003) Genome-wide 
analysis of NBS-LRR-encoding genes in Arabidopsis. Plant Cell, 15 (4), 809-834. 

214. Mindrinos, M., Katagiri, F., Yu, G.-L. and Ausubel, F.M. (1994) The A. thaliana disease 
resistance gene RPS2 encodes a protein containing a nucleotide-binding site and leucine-rich 
repeats. Cell, 78 (6), 1089-1099.  

215. Misas-Villamil, J.C. and van der Hoorn, R.A. (2008) Enzyme-inhibitor interactions at the plant-
pathogen interface. Current Opinion in Plant Biology, 11 (4), 380-388.  

216. Miya, A., Albert, P., Shinya, T., Desaki, Y., Ichimura, K., Shirasu, K., Narusaka, Y., Kawakami, 
N., Kaku, H. and 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 (49), 19613-19618.  

217. Mucyn, T.S., Clemente, A., Andriotis, V.M.E., Balmuth, A.L., Oldroyd, G.E.D., Staskawicz, B.J. 
and Rathjen, J.P. (2006) The tomato NBARC-LRR protein Prf interacts with Pto kinase in vivo 
to regulate specific plant immunity.  Plant Cell, 18 (10), 2792-2806. 

218. Mudgett, M.B. and Staskawicz, B.J. (1999) Characterization of the Pseudomonas syringae pv. 
tomato AvrRpt2 protein: Demonstration of secretion and processing during bacterial 
pathogenesis. Molecular Microbiology, 32 (5), 927-941.  

219. Mur, L.A., Kenton, P., Lloyd, A.J., Ougham, H. and Prats, E.J. (2008) The hypersensitive 
response; the centenary is upon us but how much do we know? Journal of Experimental 
Botany  59(3)  501-520 

220. Muskett, P.R., Kahn, K., Austin, M.J., Moisan, L.J., Sadanandom, A., Shirasu, K., Jones, 
J.D.G. and Parker, J.E. (2002) Arabidopsis RAR1 exerts rate-limiting control of R gene-
mediated defenses against multiple pathogens. Plant Cell, 14,  979-992.  

221. Obara, K., Kuriyama, H. and Fukuda, H. (2001) Direct evidence of active and rapid nuclear 
degradation triggered by vacuole rupture during programmed cell death in Zinnia. Plant 
Physiology, 125 (2), 615-626.  

222. Ohashi, A., Murata, E., Yamamoto, K., Majima, E., Sano, E., Le, Q.T. and Katunuma, N. 
(2003) New functions of lactoferrin and beta-casein in mammalian milk as cysteine protease 
inhibitors. Biochemical and Biophysical Research Communications 306, 98-103. 

223. Oliveira, A.S., Xavier-Filho, J. and Sales, M.P. (2003) Cysteine proteinases and cystatins. 
Brazilian Archives of Biology and Technology, 46 (1), 91-104. 

224. Ondzighi, C.A., Christopher, D.A., Eun, J.C., Chang, S.-C. and Staehelin, L.A. (2008) 
Arabidopsis protein disulfide isomerase-5 inhibits cysteine proteases during trafficking to 
vacuoles before programmed cell death of the endothelium in developing seeds. Plant Cell, 20 
(8), 2205-2220.  

225. Orbach, M.J., Farrall, L., Sweigard, J.A., Chumley, F.G. and Valent, B. (2000) A telomeric 
avirulence gene determines efficacy for the rice blast resistance gene Pi-ta. Plant Cell, 12 
(11), 2019-2032. 

226. Orth, K. (2002) Function of the Yersinia effector YopJ. Current Opinion in Microbiology, 5 (1), 
38-43. 

227. Orth, K., Xu, Z., Mudgett, M.B., Bao, Z.Q., Palmer, L.E., Bliska, J.B., Mangel, W.F., 
Staskawicz, B. and Dixon, J.E. (2000) Disruption of signaling by Yersinia effector YopJ, a 
ubiquitin-like protein protease. Science, 290 (5496), 1594-1597.  



- 149 - 

 

228. Overholtzer, M., Mailleux, A.A., Mouneimne, G., Normand, G., Schnitt, S.J., King, R.W., 
Cibas, E.S. and Brugge, J.S. (2007) A nonapoptotic Cell Death Process, Entosis, that occurs 
by cell-in-cell invasion. Cell, 131 (5), 966-979. 

229. Padmanabhan, M., Cournoyer, P. and Dinesh-Kumar, S.P. (2009) The leucine-rich repeat 
domain in plant innate immunity: A wealth of possibilities. Cellular Microbiology, 11 (2), 191-
198.  

230. Pan, Q., Wendel, J. and Fluhr, R. (2000) Divergent evolution of plant NBS-LRR resistance 
gene homologues in dicot and cereal genomes. Journal of Molecular Evolution, 50 (3), 203-
213. 

231. Pandey, K.C., Wang, S.X., Sijwali, P.S., Lau, A.L., McKkerrow, J.H. and Rosenthal, P.J. 
(2005) The Plasmodium falciparum cysteine protease falcipain-2 captures its substrate, 
hemoglobin, via a unique motif. Proceedings of the National Academy of Sciences of the 
United States of America 102, 9138-9143. 

232. Paris, N., Stanley, C.M., Jones, R.L. and Rogers, J.C. (1996) Plant cells contain two 
functionally distinct vacuolar compartments. Cell, 85 (4), 563-572.  

233. Pauly, T.A., Sulea, T., Ammirati, M., Sivaraman, J., Danley, D.E., Griffor, M.C., Kamath, A.V., 
Wang, L.K., Laird, E.R., Seddon, A.P., Menard, R., Cygler, M. and Rath, V.L. (2003) 
Specificity determinants of human cathepsin S revealed by crystal structures of complexes. 
Biochemistry 42, 3203-3213. 

234. Peart, J.R., Lu, R., Sadanandom, A., Malcuit, I., Moffett, P., Brice, D.C., Schauser, L., 
Jaggard, D.A.W., Xiao, S., Coleman, M.J., Dow, M., Jones, J.D.G., Shirasu, K. and 
Baulcombe, D.C. (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 (16),  10865-10869 

235. Peng, J. M., Elias, J. E., Thoreen, C. C., Licklider, L. J. and Gygi, S. P. (2003). Evaluation of 
multidimensional chromatography coupled with tandem mass spectrometry (LC/LC-MS/MS) 
for large-scale protein analysis: The yeast proteome. Journal of Proteome Research, 2, 43-50. 

236. Pérez-Garcia, A., Snoeijers, S.S., Joosten, M.H.A.J., Goosen, T. and De Wit, P.J.G.M. (2001) 
Expression of the avirulence gene Avr9 of the fungal tomato pathogen Cladosporium fulvum is 
regulated by the global nitrogen response factor NRF1. Molecular Plant-Microbe Interactions 
14, 316-325. 

237. Rairdan, G., Moffett, P. (2007) Brothers in arms? Common and contrasting themes in 
pathogen perception by plant NB-LRR and animal NACHT-LRR proteins. Microbes and 
Infection, 9 (5), 677-686. 

238. Rairdan, G.J., Collier, S.M., Sacco, M.A., Baldwin, T.T., Boettrich, T. and Moffett, P. (2008) 
The coiled-coil and nucleotide binding domains of the potato Rx disease resistance protein 
function in pathogen recognition and signaling. Plant Cell, 20 (3), 739-751. 

239. Ranganathan, S., Simpson, K.J., Shaw, D.C. and Nicholas, K.R. (1999) The whey acidic 
protein family: A new signature motif and three-dimensional structure by comparative 
modeling. Journal of Molecular Graphics and Modelling 17, 106-+. 

240. Rawlings, N.D., Barrett, A.J. and Bateman, A. (2010) MEROPS: the peptidase database. 
Nucleic Acids Research, 38, D227-D233. 

241. Rawlings, N.D., Morton, F.R. and Barrett, A.J. (2006) MEROPS: the peptidase database. 
Nucleic Acids Research, 34, D270-D272. 

242. Rawlings, N.D., Morton, F.R., Kok, C.Y., Kong, J. and Barrett, A.J. (2008) MEROPS: the 
peptidase database. Nucleic Acids Research, 36, D320-D325. 

243. Rawlings, N.D., Tolle, D.P. and Barrett, A.J. (2004) Evolutionary families of peptidase 
inhibitors. Biochemical Journal 378, 705-716. 



- 150 - 

 

244. Reinheckel, T., Deussing, J., Roth, W. and Peters, C. (2001) Towards specific functions of 
lysosomal cysteine peptidases: Phenotypes of mice deficient for cathepsin B or cathepsin L. 
Biological Chemistry, 382 (5), 735-741.  

245. Rep, M., Meijer, M., Houterman, P.M., Van Der Does, H.C. and Cornelissen, B.J.C. (2005) 
Fusarium oxysporum evades I-3-mediated resistance without altering the matching avirulence 
gene. Molecular Plant-Microbe Interactions, 18 (1), 15-23.  

246. Rep, M., Van Der Does, H.C., Meijer, M., Van Wijk, R., Houterman, P.M., Dekker, H.L., De 
Koster, C.G. and Cornelissen, B.J.C. (2004) A small, cysteine-rich protein secreted by 
Fusarium oxysporum during colonization of xylem vessels is required for I-3-mediated 
resistance in tomato. Molecular Microbiology, 53 (5), 1373-1383.  

247. Richter, K. and Buchner, J. (2001) Hsp90: chaperoning signal transduction. Journal of Cellular 
Physiology, 188, 281-290. 

248. Ridout, C.J., Skamnioti, P., Porritt, O., Sacristan, S., Jones, J.D.G. and Brown, J.K.M. (2006) 
Multiple avirulence paralogues in cereal powdery mildew fungi may contribute to parasite 
fitness and defeat of plant resistance. Plant Cell, 18, 2402-2414. 

249. Riedl, S.J. and Salvesen, G.S. (2007) The apoptosome: Signalling platform of cell death. 
Nature Reviews Molecular Cell Biology, 8 (5), 405-413. 

250. Ritter, C. and Dangl, J.L. (1996) Interference between two specific pathogen recognition 
events mediated by distinct plant disease resistance genes. Plant Cell, 8 (2), 251-257.  

251. Rivas, S. and Thomas, C.M. (2005) Molecular interactions between tomato and the leaf mold 
pathogen Cladosporium fulvum. Annual Review of Phytopathology, 43, 395-436. 

252. Rohe, M., Gierlich, A., Hermann, H., Hahn, M., Schmidt, B., Rosahl, S. and Knogge, W. 
(1995) The race-specific elicitor, NIP1, from the barley pathogen, Rhynchosporium secalis, 
determines avirulence on host plants of the Rrs1 resistance genotype. EMBO Journal, 14 (17), 
4168-4177.  

253. Rojo, E., Martín, R., Carter, C., Zouhar, J., Pan, S., Plotnikova, J., Jin, H., Paneque, M., 
Sánchez-Serrano, J.J., Baker, B., Ausubel, F.M. and Raikhel, N.V. (2004) VPEγ exhibits a 
caspase-like activity that contributes to defense against pathogens. Current Biology, 14 (21), 
1897-1906. 

254. Rojo, E., Zouhar, J., Carter, C., Kovaleva, V., Raikhel, N.V. (2003) A unique mechanism for 
protein processing and degradation in Arabidopsis thaliana. Proceedings of the National 
Academy of Sciences of the United States of America, 100 (12), 7389-7394. 

255. Ron, M. and Avni, A. (2004) The receptor for the fungal elicitor ethylene-inducing xylanase is a 
member of a resistance-like gene family in tomato. Plant Cell, 16 (6), 1604-1615. 

256. Rooney, H.C.E., Van 't Klooster, J.W., van der Hoorn, R.A.L., Joosten, M.H.A.J., Jones, 
J.D.G. and De Wit, P.J.G.M. (2005) Cladosporium Avr2 inhibits tomato Rcr3 protease required 
for Cf-2-dependent disease resistance. Science 308, 1783-1786. 

257. Salmeron J.M. and Staskawicz B.J. (1993) Molecular characterization and hrp dependence of 
the avirulence gene avrPto from Pseudomonas syringae pv. tomato. Molecular and General 
Genetics, 239, 6-16. 

258. Salmeron J.M., Barker S.J., Carland F.M., Mehta A.Y. and Staskawicz B.J. (1994) Tomato 
mutants altered in bacterial disease resistance provide evidence for a new locus controlling 
pathogen recognition. Plant Cell, 6, 511-520. 

259. Sanmartín, M., Jaroszewski, L., Raikhel, N.V. and Rojo, E. (2005) Caspases. Regulating 
death since the origin of life. Plant Physiology, 137 (3), 841-847.  

260. Sano, E., Miyauchi, R., Takakura, N., Yamauchi, K., Murata, E., Le, Q.T. and Katunuma, N. 
(2005) Cysteine protease inhibitors in various milk preparations and its importance as a food. 
Food Research International 38, 427-433. 



- 151 - 

 

261. Sato, M., Mitra, R.M., Coller, J., Wang, D., Spivey, N.W., Dewdney, J., Denoux, C., 
Glazebrook, J. and Katagiri, F. (2007). A high-performance, small-scale microarray for 
expression profiling of many samples in Arabidopsis-pathogen studies. Plant Journal, 49, 565-
577.  

262. Schaffer, M.A. and Fischer, R.L. (1990) Transcriptional activation by heat and cold of a thiol 
protease gene in tomato. Plant Physiology, 93 (4), 1486-1491.  

263. Schägger, H. and Von Jagow, G. (1987) Tricine-sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis for the separation of proteins in the range from 1 to 100 kDa. Analytical 
Biochemistry, 166 (2), 368-379. 

264. Schipper, K., Doehlemann, G., Djamei, A., Brefort, T. and Kahmann, R. (2009) The Ustilago 
maydis effector Stp1 suppresses defense responses of the host plant maize. XIV International 
Congress on Molecular Plant-Microbe Interactions. July 19-23, 2009, Quebec, Canada. 

265. Schulze-Lefert, P. and Bieri, S. (2005) Recognition at a distance. Science, 308 (5721), 506-
508. 

266. Shabab, M., Shindo, T., Gu, C., Kaschani, F., Pansuriya, T., Chintha, R., Harzen, A., Colby, 
T., Kamoun, S. and van der Hoorn, R.A. (2008). Fungal effector protein AVR2 targets 
diversifying defense-related cys proteases of tomato. Plant Cell (20) 4, 1169-1183. 

267. Shan, W., Cao, M., Leung, D. and Tyler, B.M. (2004) The Avr1b locus of Phytophthora sojae 
encodes an elicitor and a regulator required for avirulence on soybean plants carrying 
resistance gene Rps1b. Molecular Plant-Microbe Interactions, 17 (4),  394-403.  

268. Shao, F., Golstein, C., Ade, J., Stoutemyer, M., Dixon, J.E. and Innes, R.W. (2003) Cleavage 
of Arabidopsis PBS1 by a bacterial type III effector. Science, 301 (5637), 1230-1233. 

269. Shao, F., Merritt, P.M., Bao, Z., Innes, R.W. and Dixon, J.E. (2002) A Yersinia effector and a 
Pseudomonas avirulence protein define a family of cysteine proteases functioning in bacterial 
pathogenesis. Cell, 109 (5), 575-588. 

270. Shen, Q.-H. and Schulze-Lefert, P. (2007) Rumble in the nuclear jungle: 
Compartmentalization, trafficking, and nuclear action of plant immune receptors, EMBO 
Journal, 26 (20),  4293-4301.  

271. Shen, Q.-H., Zhou, F., Bieri, S., Haizel, T., Shirasu, K. and Schulze-Lefert, P. (2003) 
Recognition specificity and RAR1/SGT1 dependence in barley Mla disease resistance genes 
to the powdery mildew fungus. Plant Cell, 15 (3), 732-744. 

272. Shimada, T., Yamada, K., Kataoka, M., Nakaune, S., Koumoto, Y., Kuroyanagi, M., Tabata, 
S., Kato, T., Shinozaki, K., Seki, M., Kobayashi, M., Kondo, M., Nishimura, M. and Hara-
Nishimura, I. (2003) Vacuolar processing enzymes are essential for proper processing of seed 
storage proteins in Arabidopsis thaliana. Journal of Biological Chemistry, 278 (34),  32292-
32299 

273. Shirasu, K. (2009) The HSP90-SGT1 chaperone complex for NLR immune sensors. Annual 
Review of Plant Biology, 60, 139-164.  

274. Shirasu, K. and Schulze-Lefert, P. (2003) Complex formation, promiscuity and multi-
functionality: Protein interactions in disease-resistance pathways.Trends in Plant Science, 8 
(6), 252-258.  

275. Shirasu, K., Lahaye, T., Tan, M.W., Zhou, F.S., Azevedo, C. and Schulze-Lefert, P. (1999) A 
novel class of eukaryotic zinc-binding proteins is required for disease resistance signaling in 
barley and development in C. elegans. Cell, 99, 355-366. 

276. Simonet, G., Claeys, I. and Van den Broeck, J. (2002) Structural and functional properties of a 
novel serine protease inhibiting peptide family in arthropods. Comparative Biochemistry and 
Physiology part B: Biochemistry & Molecular Biology 132 (1), 247-255. 



- 152 - 

 

277. Smyth, G.K. (2004). Linear models and empirical bayes methods for assessing differential 
expression in microarray experiments. Statistical Applications in Genetics and Molecular 
Biology 3 (1), Article3.  

278. Sohn, K.H., Lei, R., Nemri, A. and Jones, J.D.G. (2007) The downy mildew effector proteins 
ATR1 and ATR13 promote disease susceptibility in Arabidopsis thaliana. Plant Cell 19, 4077-
4090. 

279. Solomon, M., Belenghi, B., Delledonne, M., Menachem, E., and Levine, A. (1999) The 
involvement of cysteine proteases and protease inhibitor genes in the regulation of 
programmed cell death in plants. Plant Cell 11, 431-443.  

280. Somoza, J.R., Zhan, H.J., Bowman, K.K., Yu, L., Mortara, K.D., Palmer, J.T., Clark, J.M. and 
McGrath, M.E. (2000) Crystal structure of human cathepsin V. Biochemistry 39, 12543-12551. 

281. Song, J., Win, J., Tian, M.Y., Schornack, S., Kaschani, F., Ilyas, M., Van Der Hoorn, R.A.L. 
and Kamoun, S. (2009) Apoplastic effectors secreted by two unrelated eukaryotic plant 
pathogens target the tomato defense protease Rcr3. Proceedings of the National Academy of 
Sciences of the United States of America, 106 (5), 1654-1659 

282. Soumpourou, E., Iakovidis, M., Chartrain, L., Lyall, V. and Thomas, C.M. (2007) The Solanum 
pimpinellifolium Cf-ECP1 and Cf-ECP4 genes for resistance to Cladosporium fulvum are 
located at the Milky Way locus on the short arm of chromosome 1. Theoretical and Applied 
Genetics, 115 (8), 1127-1136.  

283. Staskawicz, B.J., Dahlbeck, D. and Keen, N.T. (1984) Cloned avirulence gene of 
Pseudomonas syringae pv. glycinea determines race-specific incompatibility on Glycine max 
(L.) Merr. Proceedings of the National Academy of Sciences of the United States of America, 
81 (19 I), 6024-6028. 

284. Stergiopoulos, I. and De Wit, P.J.G.M. (2009) Fungal effector proteins.  Annual Review of 
Phytopathology, 47, 233-263.  

285. Stergiopoulos, I., Groenewald, M., Staats, M., Lindhout, P., Crous, P.W., and De Wit, P.J.G.M. 
(2007)  Mating-type genes and the genetic structure of a world-wide collection of the tomato 
pathogen Cladosporium fulvum. Fungal Genetics and Biology, 44 (5), 415-429.  

286. Storey, J.D.  and Tibshirani, R. (2003). Statistical significance for genomewide studies. 
Proceedings of the National Academy of Sciences of the United States of America. 100, 9440-
9445. 

287. Stubbs, M.T., Laber, B., Bode, W., Huber, R., Jerala, R., Lenarcic, B. and Turk, V. (1990) The 
refined 2.4 Å X-ray crystal structure of recombinant human stefin B in complex with the 
cysteine proteinase papain: A novel type of proteinase inhibitor interaction. EMBO Journal, 9 
(6), 1939-1947. 

288. Stulemeijer, I.J.E., Stratmann, J.W.  and Joosten, M.H.A.J. (2007) Tomato mitogen-activated 
protein kinases LeMPK1, LeMPK2, and LeMPK3 are activated during the Cf-4/Avr4-induced 
hypersensitive response and have distinct phosphorylation specificities. Plant Physiology, 144, 
1481-1494.    

289. Suarez, M.F., Filonova, L.H., Smertenko, A., Savenkov, E.I., Clapham, D.H., von Arnold, S., 
Zhivotovsky, B. and Bozhkov, P.V. (2004) Metacaspase-dependent programmed cell death is 
essential for plant embryogenesis.  Current Biology, 14 (9), R339-R340. 

290. Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A., 
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S. and Mesirov, J.P. (2005). Gene set 
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression 
profiles. Proceedings of the National Academy of Sciences of the United States of America. 
102, 15545-15550. 



- 153 - 

 

291. Swiderski, M.R., Birker, D. and Jones, J.D.G. (2009) The TIR domain of TIR-NB-LRR 
resistance proteins is a signaling domain involved in cell death induction. Molecular Plant-
Microbe Interactions, 22 (2), 157-165.  

292. Tabaeizadeh, Z., Chamberland, H., Chen, R.-D., Yu, L.-X., Bellemare, G. and Lafontaine, J.G. 
(1995) Identification and immunolocalization of a 65 kDa drought induced protein in cultivated 
tomato Lycopersicon esculentum. Protoplasma, 186 (3-4), 208-219. 

293. Takahashi, A., Casais, C., Ichimura, K. and Shirasu, K. (2003) HSP90 interacts with RAR1 
and SGT1 and is essential for RPS2-mediated disease resistance in Arabidopsis. Proceedings 
of the National Academy of Sciences of the United States of America, 100 (20), 11777-11782.  

294. Takken, F.L., Albrecht, M. and Tameling, W.I. (2006) Resistance proteins: molecular switches 
of plant defence. Current Opinion in Plant Biology, 9 (4), 383-390. 

295. Takken, F.L.W. and Tameling, W.I.L. (2009) To nibble at plant resistance proteins. Science, 
324 (5928), 744-746. 

296. Takken, F.L.W., Thomas, C.M., Joosten, M., Golstein, C., Westerink, N., Hille, J., Nijkamp, 
H.J.J., De Wit, P.J.G.M. and Jones, J.D.G. (1999) A second gene at the tomato Cf-4 locus 
confers resistance to Cladosporium fulvum through recognition of a novel avirulence 
determinant. Plant Journal 20, 279-288. 

297. Tameling, W.I.L., Elzinga, S.D.J., Darmin, P.S., Vossen, J.H., Takken, F.L.W., Haring, M.A. 
and Cornelissen, B.J.C. (2002) The tomato R gene products i-2 and Mi-1 are functional ATP 
binding proteins with ATPase activity. Plant Cell, 14 (11), 2929-2939. 

298. Tameling, W.I.L., Vossen, J.H., Albrecht, M., Lengauer, T., Berden, J.A., Haring, M.A., 
Cornelissen, B.J.C. and Takken, F.L.W. (2006) Mutations in the NB-ARC domain of I-2 that 
impair ATP hydrolysis cause autoactivation. Plant Physiology, 140 (4),  1233-1245. 

299. Tan, X., Meyers, B.C., Kozik, A., West, M.A., Morgante, M., St Clair, D.A., Bent, A.F. and 
Michelmore, R.W. (2007) Global expression analysis of nucleotide binding site-leucine rich 
repeat-encoding and related genes in Arabidopsis. BMC Plant Biology, 7, art. no. 56.  

300. Tang, X., Xie, M., Kim, Y.J., Zhou, J., Klessig, D.F. and Martin, G.B. (1999) Overexpression of 
Pto activates defense responses and confers broad resistance. Plant Cell, 11 (1),  15-29. 

301. Tao, Y., Yuan, F., Leister, R.T., Ausubel, F.M. and Katagiri, F. (2000) Mutational analysis of 
the A. thaliananucleotide binding site-leucine-rich repeat resistance gene RPS2. Plant Cell, 12 
(12),  2541-2554 

302. Thilmony, R., Underwood, W. and He, S.Y. (2006) Genome-wide transcriptional analysis of 
the Arabidopsis thaliana interaction with the plant pathogen Pseudomonas syringae pv. 
tomato DC3000 and the human pathogen Escherichia coli O157:H7. Plant Journal, 46, 34-53. 

303. Thomas, C.M., Jones, D.A., Parniske, M., Harrison, K., Balint-Kurti, P.J., Hatzixanthis, K.  and 
Jones, J.D.G. (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. Plant Cell 
9, 2209-2224. 

304. Thomas, C.M., Tang, S., Hammond-Kosack, K. and Jones, J.D.G. (2000) Comparison of the 
hypersensitive response induced by the tomato Cf-4 and Cf-9 genes in Nicotiana spp. 
Molecular Plant-Microbe Interactions, 13 (4),  465-469.  

305. Thomas, H., Ougham, H.J., Wagstaff, C. and Stead, A.D. (2003) Defining senescence and 
death. Journal of Experimental Botany, 54 (385), 1127-1132.  

306. Thomma, B.P.H.J., Bolton, M.D., Clergeot, P.H. and de Wit, P.J.G.M. (2006). Nitrogen 
controls in planta expression of Cladosporium fulvum Avr9 but no other effector genes. 
Molecular Plant Pathology, 7, 125-130. 

307. Thomma, B.P.H.J., Eggermont, K., Broekaert, W.F. and Cammue, B.P.A. (2000). Disease 
development of several fungi on Arabidopsis can be reduced by treatment with methyl 
jasmonate. Plant Physiology and Biochemistry, 38, 421-427. 



- 154 - 

 

308. Thomma, B.P.H.J., Eggermont, K., Penninckx, I.A.M.A., Mauch-Mani, B., Vogelsang, R., 
Cammue, B.P.A. and Broekaert, W.F. (1998). Separate jasmonate-dependent and salicylate- 
dependent defense response pathways in Arabidopsis are essential for resistance to distinct 
microbial pathogens. Proceedings of the National Academy of Sciences of the United States 
of America, 95, 15107-15111. 

309. Thomma, B.P.H.J., Eggermont, K., Tierens, K.F.M.J. and Broekaert, W.F. (1999a). 
Requirement of functional EIN2 (ethylene insensitive 2) gene for efficient resistance of 
Arabidopsis thaliana to infection by Botrytis cinerea. Plant Physiology, 121, 1093-1101. 

310. Thomma, B.P.H.J., Nelissen, I., Eggermont, K. and Broekaert, W.F. (1999b). Deficiency in 
phytoalexin production causes enhanced susceptibility of Arabidopsis thaliana to the fungus 
Alternaria brassicicola. Plant Journal, 19, 163-171. 

311. Thomma, B.P.H.J., Penninckx, I.A.M.A., Broekaert, W.F. and Cammue, B.P.A. (2001) The 
complexity of disease signaling in Arabidopsis. Current Opinion in Immunology, 13, 63-68. 

312. Thomma, B.P.H.J., Van Esse, H.P., Crous, P.W. and De Wit, P.J.G.M. (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 (4),  379-393.  

313. Tian, M. and Kamoun, S. (2005a) A two disulfide bridge Kazal domain from Phytophthora 
exhibits stable inhibitory activity against serine proteases of the subtilisin family. BMC 
Biochemistry, 6 (15), 1-9. 

314. Tian, M., Benedetti, B. and Kamoun, S. (2005b) A second Kazal-like protease inhibitor from 
Phytophthora infestans inhibits and interacts with the apoplastic pathogenesis-related 
protease P69B of tomato. Plant Physiology, 138 (3), 1785-1793. 

315. Tian, M., Huitema, E., Da Cunha, L., Torto-Alalibo, T. and Kamoun, S. (2004) A Kazal-like 
extracellular serine protease inhibitor from Phytophthora infestans targets the tomato 
pathogenesis-related protease P69B. Journal of Biological Chemistry, 279 (25), 26370-26377. 

316. Tian, M.Y., Win, J., Song, J., van der Hoorn, R.A.L., Van der Knaap, E. and Kamoun, S. 
(2007) A Phytophthora infestans cystatin-like protein targets a novel tomato papain-like 
apoplastic protease. Plant Physiology 143, 364-377. 

317. Timmer, J.C. and Salvesen, G.S. (2007) Caspase substrates. Cell Death and Differentiation, 
14 (1), 66-72.  

318. Tornero, P., Merritt, P., Sadanandom, A., Shirasu, K., Innes, R.W. and Dangl, J.L. (2002) 
RAR1 and NDR1 contribute quantitatively to disease resistance in Arabidopsis, and their 
relative contributions are dependent on the R gene assayed. Plant Cell, 14, 1005-1015. 

319. Turk, B. (2006) Targeting proteases: Successes, failures and future prospects. Nature 
Reviews Drug Discovery, 5 (9), 785-799.  

320. Turk, B. and Stoka, V. (2007) Protease signalling in cell death: caspases versus cysteine 
cathepsins. FEBS Letters, 581 (15), 2761-2767. 

321. Turk, B., Turk, D. and Salvesen, G.S. (2005) Regulating cysteine protease activity: Essential 
role of protease inhibitors as guardians and regulators. Medicinal Chemistry Reviews - Online, 
2 (4), 283-297. 

322. Turk, D., Guncar, G., Podobnik, M. and Turk, B. (1998) Revised definition of substrate binding 
sites of papain-like cysteine proteases. Biological Chemistry 379, 137-147. 

 
 
 
 
 
 



- 155 - 

 

323. Tuskan, G.A., DiFazio, S., Jansson, S., Bohlmann, J., Grigoriev, I., Hellsten, U., Putnam, M., 
Ralph, S., Rombauts, S., Salamov, A., Schein, J., Sterck, L., Aerts, A., Bhalerao, R.R., 
Bhalerao, R.P., Blaudez, D., Boerjan, W., Brun, A., Brunner, A., Busov, V., Campbell, M., 
Carlson, J., Chalot, M., Chapman, J., Chen, G.-L., Cooper, D., Coutinho, P.M., Couturier, J., 
Covert, S., Cronk, Q., Cunningham, R., Davis, J., Degroeve, S., Dujardin, A., DePamphilis, C., 
Detter, J., Dirks, B., Dubchak, I., Duplessis, S., Ehlting, J., Ellis, B., Gendler, K., Goodstein, 
D., Gribskov, M., Grimwood, J., Groover, A., Gunter, L., Hamberger, B., Heinze, B., Helariutta, 
Y., Henrissat, B., Holligan, D., Holt, R., Huang, W., Islam-Faridi, N., Jones, S., Jones-
Rhoades, M., Jorgensen, R., Joshi, C., Kangasjärvi, J., Karlsson, J., Kelleher, C., Kirkpatrick, 
R., Kirst, M., Kohler, A., Kalluri, U., Larimer, F., Leebens-Mack, J., Leplé, J.-C., Locascio, P., 
Lou, Y., Lucas, S., Martin, F., Montanini, B., Napoli, C., Nelson, D.R., Nelson, C., Nieminen, 
K., Nilsson, O., Pereda, V., Peter, G., Philippe, R., Pilate, G., Poliakov, A., Razumovskaya, J., 
Richardson, P., Rinaldi, C., Ritland, K., Rouzé, P., Ryaboy, D., Schmutz, J., Schrader, J., 
Segerman, B., Shin, H., Siddiqui, A., Sterky, F., Terry, A., Tsai, C.-J., Uberbacher, E., 
Unneberg, P., Vahala, J., Wall, K., Wessler, S., Yang, G., Yin, T., Douglas, C., Marra, M., 
Sandberg, G., Van De Peer, Y. and Rokhsar, D. (2006) The genome of black cottonwood, 
Populus trichocarpa (Torr. & Gray) Science, 313 (5793), 1596-1604. 

324. Uren, A.G., O'Rourke, K., Aravind, L., Pisabarro, M.T., Seshagiri, S., Koonin, E.V. and Dixit, 
V.M. (2000) Identification of paracaspases and metacaspases: Two ancient families of 
caspase-like proteins, one of which plays a key role in MALT lymphoma. Molecular Cell, 6 (4), 
961-967.  

325. Urwin, P.E., Atkinson, H.J. and McPherson, M.J. (1995) Involvement of the NH2-terminal 
region of oryzacystatin-I in cysteine proteinase inhibition. Protein Engineering, 8 (12), 1303-
1307. 

326. Valent, B., Farrall, L. and Chumley, F.G. (1991) Magnaporthe grisea genes for pathogenicity 
and virulence identified through a series of backcrosses. Genetics, 127 (1), 87-101.  

327. Van ’t Klooster, J. W., Van der Kamp, M., Vervoort, J.,  Beekwilder J.,  Boeren, S., Joosten, M. 
H. A. J., Thomma, B. P. H. J. and De Wit, P. J. G. M. (2010) Affinity of Avr2 for tomato 
cysteine protease Rcr3 is positively correlated with the Avr2-triggered Cf-2-mediated 
hypersensitive response  (submitted) 

328. Van Baarlen, P., van Belkum, A., Summerbell, R., Crous, P.W. and Thomma, B.P.H.J. (2007). 
Molecular mechanisms of pathogenicity: how do pathogenic microorganisms develop cross-
kingdom host jumps? FEMS Microbiology Reviews, 31, 239-277. 

329. Van Baarlen, P., van Esse, H.P., Siezen, R.J. and Thomma, B.P.H.J. (2008). Challenges in 
plant cellular pathway reconstruction based on gene expression profiling. Trends Plant 
Sciences, 13, 44-50. 

330. Van den Ackerveken, G.F.J.M., Dunn, R.M., Cozijnsen, A.J., Vossen, J.P.M.J., Van Den 
Broek, H.W.J. and De Wit, P.J.G.M. (1994) Nitrogen limitation induces expression of the 
avirulence gene avr9 in the tomato pathogen Cladosporium fulvum. Molecular and General 
Genetics, 243, 277-285. 

331. Van den Ackerveken, G.F.J.M., van Kan, J.A., Joosten, M.H.A.J., Muisers, J.M., Verbakel, 
H.M., and De Wit, P.J.G.M. (1993b). Characterization of two putative pathogenicity genes of 
the fungal tomato pathogen Cladosporium fulvum. Molecular Plant-Microbe Interactions, 6, 
210-215. 

332. Van den Ackerveken, G.F.J.M., Vossen, P. and De Wit, P.J.G.M. (1993a). The AVR9 race-
specific elicitor of Cladosporium fulvum is processed by endogenous and plant proteases. 
Plant Physiology, 103, 91-96. 



- 156 - 

 

333. Van den Burg, H.A., De Wit, P.J.G.M, and Vervoort, J. (2001). Efficient C-13/N-15 double 
labeling of the avirulence protein AVR4 in a methanol-utilizing strain (Mut(+)) of Pichia 
pastoris. Journal of Biomolecular NMR, 20, 251-261. 

334. Van den Burg, H.A., Harrison, S.J., Joosten, M.H.A.J., Vervoort, J. and De Wit, P.J.G.M. 
(2006) Cladosporium fulvum Avr4 protects fungal cell walls against hydrolysis by plant 
chitinases accumulating during infection. Molecular Plant-Microbe Interactions, 19, 1420-1430. 

335. Van den Burg, H.A., Spronk, C.A.E.M., Boeren, S., Kennedy, M.A., Vissers, J.P.C., Vuister, 
G.W., De Wit, P.J.G.M. and Vervoort, J. (2004) Binding of the AVR4 elicitor of Cladosporium 
fulvum to chitotriose units is facilitated by positive allosteric protein-protein interactions: The 
chitin-binding site of Avr4 represents a novel binding site on the folding scaffold shared 
between the invertebrate and the plant chitin-binding domain. Journal of Biological Chemistry, 
279, 16786-16796. 

336. Van den Burg, H.A., Westerink, N., Francoijs, K.J., Roth, R., Woestenenk, E., Boeren, S., De 
Wit, P.J.G.M., Joosten, M.H.A.J. and Vervoort, J. (2003) Natural disulfide bond-disrupted 
mutants of AVR4 of the tomato pathogen Cladosporium fulvum are sensitive to proteolysis, 
circumvent Cf-4-mediated resistance, but retain their chitin binding ability. Journal of Biological 
Chemistry, 278, 27340-27346. 

337. Van den Hooven, H.W., van den Burg, H.A., Vossen, P., Boeren, S., De Wit, P.J.G.M., and 
Vervoort, J. (2001) Disulfide bond structure of the AVR9 elicitor of the fungal tomato pathogen 
Cladosporium fulvum: evidence for a cystine knot. Biochemistry 40, 3458-3466. 

338. Van der Biezen E.A. and Jones, J.D.G. (1998) Plant disease-resistance proteins and the 
gene-for-gene concept. Trends in Biochemical Sciences, 23 (12), 454-456.  

339. Van der Does, H.C., Duyvesteijn, R.G.E., Goltstein, P.M., van Schie, C.C.N., Manders, 
E.M.M., Cornelissen, B.J.C., Rep, M. (2008) Expression of effector gene SIX1 of Fusarium 
oxysporum requires living plant cells. Fungal Genetics and Biology, 45 (9), 1257-1264.  

340. Van der Hoorn, R.A.L. (2008a) Plant proteases: From phenotypes to molecular mechanisms. 
Annual Review of Plant Biology 59, 191-223. 

341. Van Der Hoorn, R.A.L. and Kamoun, S. (2008) From guard to decoy: A new model for 
perception of plant pathogen effectors. Plant Cell, 20 (8), 2009-2017.  

342. Van Der Hoorn, R.A.L., De Wit, P.J.G.M. and Joosten, M.H.A.J. (2002) Balancing selection 
favors guarding resistance proteins. Trends in Plant Science, 7 (2), 67-71. 

343. Van der Hoorn, R.A.L., Laurent, F., Roth, R. and De Wit, P.J.G.M. (2000) Agroinfiltration is a 
versatile tool that facilitates comparative analyses of Avr9/Cf-9-induced and Avr4/Cf-4-induced 
necrosis. Molecular Plant-Microbe Interactions, 13 (4), 439-446.  

344. Van der Hoorn, R.A.L., Leeuwenburgh, M.A., Bogyo, M., Joosten, M.H.A.J. and Peck, S.C. 
(2004) Activity profiling of papain-like cysteine proteases in plants. Plant Physiology, 135, 
1170-1178. 

345. Van der Hoorn, R.A.L., Roth, R. and De Wit, P.J.G.M. (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.  Plant Cell, 13 (2), 273-285.  

346. Van der Hoorn, R.A.L., van der Ploeg, A., De Wit, P.J.G.M. and Joosten, M.H.A.J. (2001a) 
The C-terminal dilysine motif for targeting to the endoplasmic reticulum is not required for Cf-9 
function. Molecular Plant-Microbe Interactions 14, 412-415. 

347. Van Doorn, W.G. and Woltering, E.J. (2005) Many ways to exit? Cell death categories in 
plants. Trends in Plant Science, 10 (3), 117-122.  

348. Van Esse, H.P., Bolton, M.D., Stergiopoulos, I., De Wit, P.J.G.M. and Thomma, B.P.H.J. 
(2007) The chitin-binding Cladosporium fulvum effector protein Avr4 is a virulence factor. 
Molecular Plant-Microbe Interactions, 20, 1092-1101. 



- 157 - 

 

349. Van Esse, H.P., Fradin, E.F., de Groot, P.J., de Wit, P.J.G.M. and Thomma, B.P.H.J. (2009) 
Tomato transcriptional responses to a foliar and a vascular fungal pathogen are distinct. 
Molecular Plant-Microbe Interactions 22, 245-258. 

350. Van Esse, H.P., Thomma, B.P.H.J., van 't Klooster, J.W. and de Wit, P.J.G.M. (2006) Affinity-
tags are removed from Cladosporium fulvum effector proteins expressed in the tomato leaf 
apoplast. Journal of Experimental Botany, 57, 599-608. 

351. Van Esse, H.P., Van 't Klooster, J.W., Bolton, M.D., Yadeta, K.A., Van Baarlen, P., Boeren, S., 
Vervoort, J., De Wit, P.J.G.M. and Thomma, B.P.H.J. (2008) The Cladosporium fulvum 
virulence protein Avr2 inhibits host proteases required for basal defense. Plant Cell, 20 (7),  
1948-1963 

352. Van Kan, J.A.L., Van den Ackerveken, G.F.J.M. and De Wit, P.J.G.M. (1991) Cloning and 
characterization of cDNA of avirulence gene avr9 of the fungal pathogen Cladosporium 
fulvum, causal agent of tomato leaf mold. Molecular Plant-Microbe Interactions, 4, 52-59. 

353. Van Loon, L.C., Rep, M. and Pieterse, C.M.J. (2006) Significance of inducible defense-related 
proteins in infected plants. Annual Review of Phytopathology, 44, 135-162. 

354. Van 't Slot, K.A.E., Gierlich, A. and Knogge, W. (2007) A single binding site mediates 
resistance- and disease-associated activities of the effector protein NIP1 from the barley 
pathogen Rhynchosporium secalis. Plant Physiology, 144 (3), 1654-1666.  

355. Van 't Slot, K.A.E., Van Den Burg, H.A., Kloks, C.P.A.M., Hilbers, C.W., Knogge, W. and 
Papavoine, C.H.M. (2003) Solution structure of the plant disease resistance-triggering protein 
NIP1 from the fungus Rhynchosporium secalis shows a novel beta-sheet fold. Journal of 
Biological Chemistry, 278 (46), 45730-45736.  

356. Vancompernolle, K., Van Herreweghe, F., Pynaert, G., Van De Craen, M., De Vos, K., Totty, 
N., Sterling, A., Fiers, W., Vandenabeele, P. and Grooten, J. (1998) Atractyloside-induced 
release of cathepsin B, a protease with caspase-processing activity. FEBS Letters, 438 (3), 
150-158.  

357. Vasiljeva, O., Reinheckel, T., Peters, C., Turk, D., Turk, V. and, Turk, B. (2007) Emerging 
roles of cysteine cathepsins in disease and their potential as drug targets. Current 
Pharmaceutical Design, 13 (4), 387-403. 

358. Vercammen, D., Declercq, W., Vandenabeele, P. and Van Breusegem, F. (2007) Are 
metacaspases caspases? Journal of Cell Biology, 179 (3), 375-380. 

359. Vervoort, J., van den Hooven, H.W., Berg, A., Vossen, P., Vogelsang, R., Joosten, M.H.A.J. 
and De Wit, P.J.G.M. (1997) The race-specific elicitor AVR9 of the tomato pathogen 
Cladosporium fulvum: a cystine knot protein: Sequence-specific 1H NMR assignments, 
secondary structure and global fold of the protein. FEBS Letters, 404, 153-158. 

360. Vleeshouwers, V.G.A.A., Driesprong, J.-D., Kamphuis, L.G., Torto-Alalibo, T., Van't Slot, 
K.A.E., Govers, F., Visser, R.G.F., Jacobsen, E. and Kamoun, S. (2006) Agroinfection-based 
high-throughput screening reveals specific recognition of INF elicitins in Solanum. Molecular 
Plant Pathology, 7 (6), 499-510. 

361. Vleeshouwers, V.G.A.A., van Dooijeweert, W., Keizer, L.C.P., Sijpkes, L., Govers, F. and 
Colon, L.T. (1999) A laboratory assay for Phytophthora infestans resistance in various 
Solanum species reflects the field situation. European Journal of Plant Pathology. 105, 241-
250.  

362. Walker, A.J., Urwin, P.E., Atkinson, H.J., Brain, P., Glen, D.M. and Shewry, P.R. (1999) 
Transgenic Arabidopsis leaf tissue expressing a modified oryzacystatin shows resistance to 
the field slug Deroceras reticulatum (Muller). Transgenic Research, 8 (2), 95-103. 

363. Watanabe, N. and Lam, E. (2004) Recent advance in the study of caspase-like proteases and 
Bax inhibitor-1 in plants: Their possible roles as regulator of programmed cell death. Molecular 
Plant Pathology, 5 (1), 65-70.  



- 158 - 

 

364. Westerink, N., Brandwagt, B.F., De Wit, P.J.G.M. and Joosten, M.H.A.J. (2004) Cladosporium 
fulvum circumvents the second functional resistance gene homologue at the Cf-4 locus (Hcr9-
4E) by secretion of a stable avr4E isoform. Molecular Microbiology, 54 (2), 533-545.  

365. Westerink, N., Roth, R., Van den Burg, H.A., De Wit, P.J.G.M. and Joosten, M.H.A.J. (2002) 
The AVR4 elicitor protein of Cladosporium fulvum binds to fungal components with high 
affinity. Molecular Plant-Microbe Interactions, 15 (12), 219-1227. 

366. Wevelsiep, L., Kogel, K.-H. and Knogge, W. (1991) Purification and characterization of 
peptides from Rhynchosporium secalis inducing necrosis in barley. Physiological and 
Molecular Plant Pathology, 39 (6), 471-482.  

367. Whalen, M.C., Innes, R.W., Bent, A.F. and Staskawicz, B.J. (1991) Identification of 
Pseudomonas syringae pathogens of A. thaliana and a bacterial locus determining avirulence 
on both A. thaliana and soybean. Plant Cell, 3 (1),  49-59.  

368. Woltering, E.J. (2004) Death proteases come alive. Trends in Plant Science, 9 (10), 469-472.  
369. Woltering, E.J., Van der Bent, A. and Hoeberichts, F.A. (2002) Do plant caspases exist? Plant 

Physiology, 130 (4), 1764-1769. 
370. Wu, J. and Watson, J.T. (1998) Optimization of the cleavage reaction for cyanylated cysteinyl 

proteins for efficient and simplified mass mapping. Analytical Biochemistry 258, 268-276. 
371. Wu, Z., Irizarry, R.A., Gentleman, R., Martinez-Murillo, F. and Spencer, F. (2004) A model-

based background adjustment for oligonucleotide expression arrays. Journal of the American 
Statistical Association, 99, 909-917. 

372. Wulff, B.B.H., Kruijt, M., Collins, P.L., Thomas, C.M., Ludwig, A.A., De Wit, P.J.G.M. and 
Jones, J.D.G. (2004) Gene shuffling-generated and natural variants of the tomato resistance 
gene Cf-9 exhibit different auto-necrosis-inducing activities in Nicotiana species, Plant Journal, 
40 (6),  942-956.  

373. Wulff, B.B.H., Thomas, C.M., Smoker, M., Grant, M. and Jones, J.D.J. (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. Plant Cell, 13 (2),  255-272.  

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

375. Xu, Q. and Zhang, L. (2009) Plant caspase-like proteases in plant programmed cell death. 
Plant Signaling and Behavior, 4 (9), 902-904 

376. Yamada, K., Matsushima, R., Nishimura, M. and Hara-Nishimura, I. (2001) A slow maturation 
of a cysteine protease with a granulin domain in the vacuoles of senescing Arabidopsis 
leaves. Plant Physiology, 127 (4), 1626-1634. 

377. Ye, S. and Goldsmith, E.J. (2001) Serpins and other covalent protease inhibitors. Current 
Opinion in Structural Biology, 11 (6), 740-745. 

378. Yu, G.L., Katagiri, F. and Ausubel, F.M. (1993) A. thaliana mutations at the RPS2 locus result 
in loss of resistance to Pseudomonas syringae strains expressing the avirulence gene 
avrRpt2. Molecular plant-microbe interactions, 6 (4), 434-443.  

379. Zhang, Y., Dorey, S., Swiderski, M. and Jones, J.D.G. (2004) Expression of RPS4 in tobacco 
induces an AvrRps4-independent HR that requires EDS1, SGT1 and HSP90. Plant Journal, 
40 (2), 213-224.  

380. Zhao, C.S., Johnson, B.J., Kositsup, B. and Beers, E.P. (2000) Exploiting secondary growth in 
Arabidopsis. Construction of xylem and bark cDNA libraries and cloning of three xylem 
endopeptidases. Plant Physiology, 123, 1185-1196. 

381. Zhou, J., Loh, Y.T., Bressan, R.A. and Martin, G.B. (1995) The tomato gene Pti1 encodes a 
serine/threonine kinase that is phosphorylated by Pto and is involved in the hypersensitive 
response. Cell, 83 (6), 925-935. 



- 159 - 

 

Summary 
 
Plants are not able to move or escape and have to confront environmental 
challenges like nutrient and water deprivation, low and high temperatures, and biotic 
stress imposed by pathogens like viruses, bacteria, fungi, nematodes and insects 
that all compete for plant nutrient sources. The outcome of a plant-pathogen 
interaction can vary from mild symptoms that are hardly harmful to the host to 
complete destruction of the host plant. Plants have evolved various mechanisms to 
counter-attack infections by pathogens. Mechanisms of evasion or suppression of 
basal host defense by pathogens on the one hand, and specific recognition of a 
pathogen by its host and activation of downstream defense signaling on the other 
hand, are complex and both organisms have to come up with sophisticated strategies 
to survive their encounters. In principle these encounters have two possible 
outcomes: (i) a pathogen successfully infects the host plant, which is also referred to 
as a compatible interaction (the pathogen is virulent and the host plant is 
susceptible), or (ii) the pathogen cannot successfully infect the host plant which stays 
healthy, also referred to as an incompatible interaction (the pathogen is avirulent and 
the host plant is resistant).  
Nearly 70 years ago, Harold Flor (1942) studied the genetics of the interaction 
between the flax rust fungus Melampsora lini and flax, Linum usitatissimum. Based 
on these studies he postulated the so-called gene-for-gene hypothesis (Flor 1942) 
which states that for each dominant resistance (R) gene in the host there is a 
matching dominant avirulence (Avr) gene in the pathogen. Co-occurrence and 
expression of both genes leads to an incompatible interaction that is often associated 
with a hypersensitive response (HR). 
The interaction between the fungus Cladosporium fulvum (syn. Passalora fulva) and 
the host tomato (Solanum lycopersicum) is an excellent model to study plant-
pathogen interactions and obeys to the gene-for-gene hypothesis. C. fulvum is a 
biotrophic pathogen that causes leaf mold of tomato, avoids breaching the cell wall 
and exclusively colonizes the tomato leaf apoplast while establishing a long-term 
feeding relationship with the living cells of the host. During the infection process, the 
fungus secretes several effector molecules, relatively small, cysteine–rich proteins. 
They are likely to contribute to pathogen fitness and play a role in pathogen 
virulence. According to the 'Zig-Zag' model that explains the evolutionary 
development of plant-pathogen interactions, effectors are required for ETS (effector -
triggered susceptibility). Tomato plants that carry cognate Cf resistance genes 
recognize the effector and elicit a defense response known as the hypersensitive 
response (HR), nowadays known as effector-triggered immunity (ETI). In this thesis I 
have focused on several molecular and biochemical aspects of the Avr2 and Cf-2 
gene pair and on an additional gene, Rcr3 (required for Cladosporium resistance), 
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that is required for Cf-2-mediated resistance with an emphasis on the role of Avr2 in 
ETS and ETI in the C. fulvum-tomato interaction. 
 
The gene-for-gene hypothesis postulated by Harrold Flor has inspired many plant 
pathologists and initiated numerous plant-pathogen studies as discussed in chapter 
1. This hypothesis has lead to the characterization of various host plant R genes and 
cognate pathogen Avr genes from fungi, bacteria and oomycetes. Plant resistance 
proteins are the basic molecules that mediate a defense reaction, triggered by 
cognate effectors directed against the pathogens, are found extracellularly as well as 
intracellularly and are divided in classes based on the composition of different 
subdomains that may have various functions. Particularly the LRR domain(s) are 
involved in recognition, regulating protein activation and signal transduction and are 
highly adjustable in diverse binding specificities to self and non-self molecules. The 
nucleotide binding (NB) domain acts a switch for activation of downstream host 
defenses, often resulting in HR. Inappropriate R protein folding and activation is 
controlled by intramolecular interactions between the various domains and by hetero-
multimeric protein complexes.  
Studies on interactions of plants, especially Arabidopsis thaliana, with prokaryotic 
pathogens have resulted in major scientific breakthroughs with respect to the gene-
for-gene hypothesis. Research on the bacterial Type Three Secretion System and 
the delivery of the effectors has indentified sophisticated mechanisms for perception 
and recognition of pathogens and regulation of host resistance.  
The functions of effectors of eukaryotic plant pathogens remain largely unknown so 
far. Oomycete pathogens such as Phytophthora infestans produce various types of 
effectors during infection of their hosts.  One class of oomycete effectors localizes to, 
and operates in, the extracellular matrix while the other class acts inside the host 
plant cell. Recent studies on the interaction of the flax rust fungus Melampsora lini 
with flax (Linum usitatissimum) has revealed a number of direct Avr-R protein 
interactions in vitro. These interactions are expected to occur in the haustorial matrix 
which is produced by the fungus during host infection. Secreted Avr proteins of C. 
fulvum interact exclusively with the corresponding extracellular Cf proteins of tomato. 
The C. fulvum-tomato pathosystem is one of the most well-studied plant pathogen 
interactions and revealed important insights in perception and recognition of Avr 
proteins. For many years it was assumed that the interactions beween C. fulvum 
Avrs and tomato R proteins occurred in a direct manner, but proof for such 
interactions has never been obtained. Indirect interactions were more likely and 
obeyed to the guard hypothesis wherein the Avr protein interacts with a host target 
and this interaction is monitored, or guarded, by the Cf- protein. 
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Chapter 2 reports on the avirulence function of Avr2 in the Cf-2-mediated resistance 
that also requires the extracellular tomato cysteine protease Rcr3. The interaction 
between Avr2, Cf-2 and Rcr3 obeys to the guard hypothesis. Purified heterologously 
expressed and affinity-tagged Rcr3 and Avr2 were applied in co-immunoprecipitation 
assays and revealed a physical interaction between Avr2 and Rcr3 independent of 
additional plant and or fungal factors. It is shown that Avr2 binds and inhibits Rcr3, 
and blocking of the active site of Rcr3 by the irreversible cysteine protease inhibitor 
E-64 eliminates this interaction. The interaction with and the inhibition of Rcr3 by 
Avr2 occurs in a pH-dependent fashion and the pH optimum for Rcr3 activity and its 
inhibition by Avr2 coincides with the pH of the tomato apoplast. Cysteine protease 
activity profiling showed that, in addition to Rcr3, Avr2 inhibits several other 
apoplastic cysteine proteases in tomato, but this inhibition did not lead to Cf-2-
mediated HR. Infiltration of purified active Rcr3, or E-64-inactivated Rcr3, in 
combination with Avr2 in Cf-2/rcr3 tomato leaves revealed that only the Avr2-Rcr3 
inhibition complex triggers Cf-2-dependent HR. It is proposed that Avr2 modifies Rcr3 
which is recognized by Cf-2 and initiates the HR. This study represents the first 
indirect fungus-plant gene-for-gene interaction that obeys to the guard hypothesis. 
 
In chapter 3 the focus is on the virulence function of Avr2, and it is demonstrated 
that Avr2 has an indisputable intrinsic biological virulence function for C. fulvum 
during infection of tomato. Silencing of the Avr2 gene in C. fulvum significantly 
compromised fungal virulence on tomato. Heterologous expression of Avr2 in tomato 
resulted in enhanced susceptibility towards natural Avr2-defective C.fulvum strains, 
but also towards Botrytis cinerea and Verticillium dahliae. In A. thaliana, Avr2 
expression resulted in enhanced susceptibility to various extracellular fungal 
pathogens including Botrytis cinerea and Verticillium dahliae. Microarray analysis of 
unchallenged A. thaliana plants showed that Avr2 expression induced a global 
transcription profile that is comparable to the profile upon pathogen challenge. 
Cysteine protease activity profiling and LC-MS/MS analyses showed that Avr2 
inhibits multiple extracellular A. thaliana cysteine proteases. Similar results were 
obtained for tomato, showing that Avr2 inhibits multiple cysteine proteases including 
Rcr3 and its close relative Pip1. This all shows that Avr2 is a genuine virulence factor 
of C. fulvum that inhibits several cysteine proteases that are required for basal host 
defense. 
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In chapter 4 the emphasis is on Avr2 protein features and the mode of inhibition of 
Rcr3. Like many other Avr genes, Avr2 lacks homology with sequences deposited in 
public databases. The mature Avr2 protein contains 8 cysteine residues and 
biochemical analyses revealed that all of these are involved in disulphide bridging, 
showing a unique disulphide bridge pattern. Based on a bioinformatics analysis, site-
specific mutations were made in the Avr2 protein and affinity-tagged wild-type and 
mutant proteins were produced by heterologous expression in the yeast Pichia 
pastoris. After affinity purification, all proteins were infiltrated in tomato Cf-2 plants, 
and proteins with altered HR inducing activity were tested for their ability to inhibit 
Rcr3. From these assays it became evident that especially the C-terminal six amino 
acids that also include one disulphide bridge are essential for the interaction with and 
inhibition of Rcr3. All these data show that Avr2 is a novel type of cysteine protease 
inhibitor. 
 
Chapter 5 is a general discussion about the role of plant cysteine proteases and 
cysteine protease inhibitors in plant-pathogen interactions. Microbial pathogens and 
host plants both employ cysteine proteases and cysteine protease inhibitors as 
weapons for attack and defence. This so-called arms race has led to multiple attacks 
and counter-attacks that have shaped co-evolution between pathogens and their host 
plants. Examples of some prokaryotic plant pathogens that employ cysteine 
proteases as effector proteins to suppress plant defense will be discussed, in 
addition to some eukaryotic pathogens that use cysteine protease inhibitors for the 
same purpose. Examples of plant cysteine proteases will be discussed that are 
involved in multiple processes including plant development, plant defense and 
processes in programmed cell death.   
 
 



- 163 - 

 

Samenvatting 
 
Planten zijn plaatsgebonden en kunnen niet vluchten wanneer er gevaar dreigt. Ze 
worden niet alleen voortdurend blootgesteld aan abiotische stressfactoren, zoals te 
kort aan voedingsstoffen en water, UV-straling en grote temperatuurverschillen, maar 
ook aan biotische stressfactoren zoals pathogene virussen, bacteriën, schimmels, 
aaltjes en insecten die allemaal de plant als bron van voedingsstoffen gebruiken. De 
uitkomst van een plant-pathogeen interactie kan variëren van milde symptomen tot 
de dood van de aangetaste plant. Tijdens de evolutie hebben planten diverse 
mechanismen ontwikkeld om zich te verweren tegen pathogenen, en pathogenen 
hebben op hun beurt mechanismen ontwikkeld om de afweer van planten te 
omzeilen of te onderdrukken. Deze wisselwerking is complex en beide organismen 
moeten voortdurend nieuwe strategieën ontwikkelen om te overleven. In principe 
kunnen genoemde confrontaties eindigen in (i) een succesvolle infectie van de plant 
door het pathogeen, of (ii) een geslaagde afweer van de plant tegen het pathogeen. 
Wanneer de plant overwint wordt hij resistent genoemd, het pathogeen avirulent en 
de interactie incompatibel. Wanneer het pathogeen overwint wordt het virulent 
genoemd, de plant vatbaar, en de interactie compatibel.  
 
Bijna 70 jaar geleden heeft Harrold Flor op basis van genetische studies aan de 
interactie tussen de vlasroest schimmel (Melampsora lini) en zijn waardplant vlas 
(Linum usitatissimum), de gen-om-gen hypothese opgesteld. Deze hypothese stelt 
dat bij een incompatibele interactie voor elk dominant resistentiegen (R) in de 
waardplant een dominant avirulentiegen (Avr) in het pathogeen aanwezig is. 
Expressie van R gen en bijpassend Avr gen leidt tot interactie tussen hun producten, 
hetgeen meestal gepaard gaat met een overgevoeligheidsreactie of hypersensitieve 
respons (HR) die de groei van het pathogeen blokkeert in de waardplant.  
 
De interactie tussen de schimmel Cladosporium fulvum (syn. Passalora fulva) en zijn 
waardplant tomaat (Solanum lycopersicum), is een modelsysteem geworden voor 
bestudering van plant-pathogeen interacties waarvoor de gen-om-gen hypothese 
geldt. C. fulvum veroorzaakt de bladvlekkenziekte van tomaat. De schimmel 
koloniseert alleen de apoplast van tomatenbladeren en produceert geen 
voedingslichaampjes (haustoria) in de mesofylcellen van tomaat. Op deze manier 
wordt een intieme relatie aangegaan met de mesofylcellen waarbij de schimmel zich 
vrijwel onopgemerkt lijkt te kunnen voeden op levende cellen (biotrofe levenswijze), 
waarschijnlijk omdat hij het basale immuunsysteem van tomaat kan onderdrukken 
door de productie van effectoren die hij tijdens infectie van de plant uitscheidt. 
Effectoren zijn relatief kleine, cysteine-rijke, eiwitten die, naast het onderdrukken van 
het basale immuunsysteem van de plant, ook van belang zijn voor de algemene 
fitheid van de schimmel.  
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Volgens het 'Zig-Zag' model, dat de evolutionaire ontwikkeling van plant-pathogeen 
interacties beschrijft, onderdrukken effectoren de zogenaamde pathogeen-
geassocieerde moleculaire patroon (PAMP)-geïnduceerde immuniteit (PTI) hetgeen 
leidt tot effector-geïnduceerde vatbaarheid (ETS) en aantasting van de waardplant. 
Resistente tomatenplanten bezitten Cf resistentiegenen die effectoren kunnen 
herkennen en reageren met een HR, ook wel aangeduid als effector-geïnduceerde 
immuniteit (ETI).  
In dit proefschrift is het onderzoek vooral gericht op moleculair-genetische en 
biochemische aspecten van het Avr2-Cf-2 genenpaar, en een additioneel gen, Rcr3 
(required for Cladosporium resistance), dat codeert voor een cysteine protease dat 
nodig is voor Avr2-geïnduceerde Cf-2-gemedieerde resistentie. De nadruk ligt op de 
rol van Avr2 in ETS en ETI. 
De gen-om-gen hypothese, zoals opgesteld door Harrold Flor, heeft door de jaren 
heen vele moleculaire fytopathologen geïnspireerd om onderliggende mechanismen 
op te helderen met als gevolg en dat een groot aantal plant-pathogeen 
modelsystemen bestudeerd zijn waarvan een overzicht gegeven is in hoofdstuk 1. 
De studies hebben er toe geleid dat er gedurende het afgelopen decennium vele R 
genen en bijpassende Avr genen van bacteriën, schimmels en oomyceten zijn 
geïdentificeerd en gekarakteriseerd. R eiwitten spelen een centrale rol bij afweer, 
omdat ze effectoren van pathogenen herkennen waarna afweerreacties 
aangeschakeld worden. Deze afweerreacties zijn gericht tegen het pathogeen en 
vinden zowel extracellulair als intracellulair plaats. R eiwitten kunnen onderverdeeld 
worden in klassen gebaseerd op aanwezigheid van verschillende subdomeinen die 
verschillende functies bezitten. Vooral de leucine-rijke ‘repeats’ (LRRs) komen vaak 
voor in R eiwitten en zijn vooral betrokken bij eiwit-eiwit interacties waaronder de 
herkenning van zowel eigen als vreemde eiwitten. Zo spelen ze ook een rol bij de 
herkenning van effectoren en de daaropvolgende activering van signaal transductie 
ketens betrokken bij de afweer van de plant.  
Veel R eiwitten bezitten ook een nucleotide binding (NB) domein dat werkt als een 
schakelaar bij de activering van signaal transductie ketens die vaak uitmonden in een 
HR. Intramoleculaire interacties tussen de verschillende domeinen en 
heteromultimere eiwitcomplexen spelen een rol bij de controle op onjuiste vouwing 
en ongewenste activering van R eiwitten. 
Studies aan interacties tussen vooral zandraket (Arabidopsis thaliana) en prokaryote 
pathogenen hebben de afgelopen jaren tot belangrijke wetenschappelijke doorbraken 
geleid in ons begrip van gen-om-gen interacties. Onderzoek naar 
secretiemechanismen van bacteriële effectoren heeft geleid tot de identificatie van 
complexe mechanismen die van belang zijn bij herkenning van bacteriën door 
planten en bij de regulatie van waardplantresistentie.  
Tot op heden zijn de functies van de meeste effectoren van de eukaryote 
plantenpathogenen nog onbekend. Pathogenen behorende tot de oömyceten, zoals 
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de verwekker van de aardappelziekte, Phytophthora infestans, produceren 
honderden effectoren tijdens infectie van hun waarplant. Eén klasse van effectoren 
van oömyceten bezit het zogenaamde RXLR domein dat een belangrijke rol speelt bij 
de opname in waardplantcellen volgens een nog onbekend mechanisme.  
Recentelijk onderzoek aan Avr en R eiwitten van respectievelijk de 
vlasroestschimmel (Melampsora lini) en vlas (Linum usitatissimum) heeft aangetoond 
dat deze eiwitten fysiek interacteren in vitro. 
 
Avr eiwitten van C. fulvum worden uitgescheiden in de apoplast van tomaat en 
interacteren met hun corresponderende extracellulaire Cf eiwitten in tomaat. Het C. 
fulvum-tomaat pathosysteem is een van de best bestudeerde plant-pathogeen 
interacties en heeft geleid tot belangrijke inzichten in de functie en herkenning van 
Avr eiwitten. Lange tijd werd aangenomen dat de Avr eiwitten van C. fulvum direct 
interacteren met de Cf eiwitten van tomaat, maar experimenteel bewijs hiervoor is tot 
op heden nog niet gevonden. Indirecte interacties zijn meer waarschijnlijk en passen 
ook in de zogenaamde bewakertheorie, ook wel “guard hypothesis” genoemd, 
waarbij het Avr eiwit een interactie aangaat met een virulentie-eiwit in de waardplant 
dat bewaakt wordt door het Cf- eiwit. 
 
Hoofdstuk 2 beschrijft de avirulentiefunctie van Avr2 in de Cf-2-gemedieerde 
resistentie waarvoor ook het extracellulaire Rcr3 cysteine protease van de tomaat 
vereist is. De interactie tussen Avr2, Cf-2 en Rcr3 past in de “guard hypothesis”.  
Rcr3 en Avr2 eiwitten, voorzien van affiniteitlabels, werden heteroloog tot expressie 
gebracht, gezuiverd en gebruikt in co-immunoprecipitatie assays. Deze toonden aan 
dat Avr2 en Rcr3 een fysieke interactie aangaan  onafhankelijk van andere planten- 
en/of schimmelfactoren. Binding van Avr2 aan het Rcr3 cysteine protease remt zijn 
enzymatische activiteit. Het blokkeren van het catalytisch centrum van Rcr3 met de 
irreversibele cysteine protease remmer, E-64, wordt geremd door Avr2, hetgeen een 
directe aanwijzing is voor interactie met, en remming van, Rcr3 door Avr2. De 
interactie met, en de remming van, Rcr3 door Avr2 is pH-afhankelijk; het pH optimum 
voor de Rcr3 activiteit en de remming door Avr2 komt overeen met de pH van de 
apoplast van tomatenblad. Profilering van de cysteine protease activiteit toonde aan 
dat, naast Rcr3, Avr2 ook een aantal andere apoplastische cysteine proteases van 
tomaat remt, maar remming van deze proteases leidt niet tot een Cf-2-gemedieerde 
HR. Infiltratie van gezuiverd actief Rcr3, of E-64-geïnactiveerd Rcr3, in combinatie 
met Avr2 in Cf-2/rcr3 tomatenbladeren liet zien dat alleen het Avr2-Rcr3 
remmingscomplex Cf-2-gemedieerde HR kan induceren. Het is mogelijk dat Avr2 als 
gevolg van zijn interactie met Rcr3 het enzym modificeert, hetgeen wordt herkend 
door Cf-2 dat vervolgens de HR activeert. Deze studie geeft voor het eerst 
experimenteel bewijs voor een indirecte interactie tussen een schimmel Avr eiwit en 
bijbehorend plant R eiwit zoals voorgesteld in de  “guard hypothesis”. 
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In hoofdstuk 3 wordt de virulentiefunctie van de Avr2 effector voor C. fulvum 
beschreven tijdens infectie van tomaat. Door het onderdrukken van de Avr2 
genexpressie in C. fulvum wordt de schimmel beduidend minder virulent op tomaat. 
Heteroloog tot expressie brengen van Avr2 in tomaat resulteert in een verhoogde 
vatbaarheid niet alleen voor natuurlijke Avr2-deficiënte C.fulvum isolaten, maar ook 
voor twee andere pathogenen van tomaat, Botrytis cinerea en Verticillium dahliae. 
Expressie van Avr2 in A. thaliana resulteert ook in verhoogde vatbaarheid voor B. 
cinerea.  
Microarray analyses van niet geïnfecteerde Avr2 tot expressie brengende A. thaliana 
planten laten een globaal genexpressie profiel zien dat vergelijkbaar is met dat van 
geïnfecteerde planten.  
Cysteine protease activiteitsprofilering en LC-MS/MS analyses toonden aan dat Avr2 
meerdere extracellulaire cysteine proteases van A. thaliana remt. Vergelijkbare 
resultaten werden met tomaat verkregen waarbij Avr2, naast Rcr3, ook het nauw 
verwante Pip1 remt. Al deze gegevens bevestigen dat Avr2 een virulentiefactor voor 
C. fulvum is die verscheidene cysteine proteases remt die nodig zijn voor basale 
afweer.  
 
In hoofdstuk 4 zijn de eigenschappen van het Avr2 eiwit nader onderzocht met 
betrekking tot zijn vermogen om Rcr3 te remmen en Rcr3-afhankelijke Cf-2-
gemedieerde HR te induceren. Zoals vele andere Avr genen van C. fulvum, vertoont 
Avr2 geen homologie met bekende sequenties in publieke databanken. Het rijpe 
Avr2 eiwit bevat acht cysteine residuen, en met biochemische analyses werd 
bepaald dat deze alle acht een zwavelbrug vormen volgens een uniek patroon. Op 
basis van bioinformatische analyses, werden specifieke mutaties gegenereerd in het 
Avr2 eiwit en met behulp van het Pichia pastoris heterologe expressiesysteem 
werden wildtype Avr2 eiwit en een aantal mutante Avr2 eiwitten geproduceerd die 
voorzien waren van affiniteitlabels.  
Na affiniteitszuivering werden alle eiwitten geïnfiltreerd in Cf-2 tomatenplanten en de 
eiwitten die een veranderde HR-inducerende activiteit vertoonden werden vervolgens 
getest op hun vermogen om Rcr3 protease-activiteit te remmen. Uit de resultaten 
kwam naar voren dat vooral de zes C-terminale aminozuren van het Avr2 eiwit zeer 
belangrijk zijn voor zowel de HR-inducerende activiteit als voor de remming van 
Rcr3. Al deze resultaten wijzen er op dat Avr2 een nieuw type cysteine protease 
remmer is. 
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In hoofdstuk 5 worden alle resultaten globaal bediscussieerd, en wordt in het 
bijzonder de rol van cysteine proteases en cysteine protease remmers bij plant-
pathogeen interacties belicht. Microbiële pathogenen en waardplanten gebruiken 
zowel cysteine proteases als cysteine protease remmers als wapens bij aanval en 
verdediging. Deze wapenwedloop heeft geleid tot het ontstaan van meerdere 
aanvals- en verdedigingsstrategiën tijdens de co-evolutie tussen pathogenen en hun 
waardplanten. Er  worden voorbeelden van enige prokaryotische plantenpathogenen 
besproken die cysteine protease effectoren produceren om de plantenafweer te 
onderdrukken. Eveneens worden voorbeelden van enkele eukaryotische pathogenen 
besproken die juist cysteine protease remmers produceren om hetzelfde effect te 
bewerkstelligen. Ook enkele voorbeelden van plant cysteine proteases die een rol 
spelen bij plantontwikkeling en geprogrammeerde celdood worden bediscussieerd. 
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Dankwoord 
 

Iedereen die dit nu leest wil ik bedanken voor de ondersteuning en belangstelling 
in al die jaren, maanden, dagen, uren  

voorafgaande aan het moment dat ik op het podium sta. 
When you read this, I would like to thank you for all your support and interest during 

all these years, months, days and hours before I defend my thesis. 
 

Beste lezer,  
Waarom leest iedereen die een proefschrift in ontvangst neemt toch bijna als 
eerste het dankwoord? 
U hebt zojuist mijn proefschrift in ontvangst genomen. Dit is voor mij een zeer 
belangrijke gebeurtenis waarin ook veel, heel veel gevoel zit. De pagina’s hiervoor 
staan vol met wetenschappelijke gegevens. Koel en zakelijk, maar achter deze 
stukken tekst ligt een menselijke wereld en die wereld ligt mij na aan het hart.  
Dus het antwoord op de vraag hierboven is: de menselijke factor. 
Zonder die factor komt er geen proefschrift. En die menselijk factor heeft grote 
invloed gehad op dit resultaat -het “boekje”-, zowel in de privésfeer: familie, vrienden 
en kennissen, als in de werksfeer: de (ex-)Fytonezen en de HAN-collega’s.  
 

Een aantal mensen wil ik specifiek bedanken. 
 
Pierre de Wit 
Al is de fytopatholoog nog zo snel, de schimmel achterhaalt hem wel. 
Ik zal beginnen met DE Pierre de Wit. Pierre met zijn oneindige energie en passie 
voor onderzoek, wat infectieus is voor mensen in zijn directe omgeving. En zoals de 
Cladosporium fulvum-tomaat-interactie zijn er twee uitkomsten van deze interactie: 
compatibel of incompatibel. Óf je ziet het vuur voor dit onderzoek óf je vindt het de 
ver-van-je-bedshow. Ik ben wel trots om een tijd tot de “jongens van de Wit” te 
hebben mogen behoren. Het moment suprême was – wat ik zelf benoem als - de 
Science-tijd, waarin we 14 dagen de tijd hadden voor de definitieve proeven voor de 
acceptatie en publicatie in Science. Vele malen ben ik bij Pierre op kantoor geweest 
als het weer eens tegen zat en altijd met goed gevoel naar buiten gekomen. Pierre, 
niet alleen bedankt voor mijn promotiemogelijkheid en het ondersteunen hiervan, 
maar ook voor al die mooie Fyto-jaren. 
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Château Matthieu, 
Bloeit de stok in volle klaarheid, dat is goede wijn in waarheid.  
Matthieu: mijn onofficiële copromotor. De vakman, de BIOchemicus van de 
Cladosporium fulvum-tomaat interactie. Veel, heel veel heb ik aan hem te danken, 
want zonder Avr2 was er geen proefschrift geweest met deze titel en met deze 
lading. Het zijn de feiten, wetenswaardigheden die vaak alleen hij weet en die tot 
grote dingen resulteren. Op de achtergrond is hij toch mijn copromotor geweest 
hoewel de situatie dit officieel niet toeliet.  
En daarbij heb ik nog lekker van jouw wijnkennis kunnen genieten, letterlijk. Een 
dynamische wereld, die velen nog niet hebben ontdekt. Merci beaucoup!!! 
 
Bart, de coach langs de lijn 
Van student tot voortvarend projectleider. Ooit heb ik je meegemaakt als een student 
die na vele pogingen uiteindelijk DNA kon precipiteren. Nu de copromotor en dan ook 
weer niet. 
Ik mag me gelukkig prijzen dat je er was op momenten dat het weer eens nodig was. 
Momenten om me van die wolk van ideeën af te halen en terug te brengen naar de 
realiteit van het verhaal, zoals de General discussion. Om jouw eigen woorden te 
gebruiken: SUPER bedankt. 
 
Grardy 
De beste managers zijn werkende moeders, aldus prof. J.C. Zadoks. Een bewijs 
hiervoor is Grardy. Ondanks je eerste ouderschapsverlof kwam je mij toch uitleggen 
hoe ik P.inf. in cultuur moet houden. Daarna hebben we vele, vele uren doorgebracht 
met diverse schimmels, planten etc., maar ook chemicaliën en disposables en nog 
veel meer zaken en dingen die nodig zijn om Fyto draaiende te houden. Vele uren 
hebben we gesproken over het “reilen en zeilen” van Fyto. 
Veel regel je “achter de schermen”. Allemaal zaken die je afdoet als “klusjes”. En dan 
nu nog deze klus: paranimf. Grardy, van harte bedankt hiervoor. 
 
Het is Marnix 
Deze koele drieëntwintigjarige politieagent komt zomaar spontaan door die deur 
binnenvallen en dan word ik weer eens wakker en blijkt dat er ook nog een heel 
andere wereld daar buiten die deur is. Een wereld die ver van wetenschap staat 
maar waar wel elke dag over gepubliceerd wordt. Verfrissend waren de gesprekken 
hierover. Binnenkort toch maar eens samen met de motor op pad. Kerel, bedankt.  
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Henk Smid - Unifarm 
Prachtig zijn ze, die foto’s met de symptomen die wij Fytonezen zo graag willen zien. 
De testplant als het bewijs voor theorie. En dat kan alleen als de planten in sublieme 
conditie zijn en daarvoor zorgen de mensen van Unifarm. Voor mijn plantproeven 
heeft Henk Smid dat gedaan. Eén e-mailtje en een extra lamp was al aangesloten, 
meer of minder tomatenplanten, de “wilde” tomatenplanten, noem het maar op. Henk 
heeft dat voor mij geregeld en verzorgd. Een luxe was het om zo op je te kunnen 
vertrouwen. Mijn oprechte dank hiervoor. 
 
Sjef en Jacques, De bioCHEMICI  
Jullie kijken naar de eiwitten met een andere bril: vragen zoals welke zouten zitten in 
de oplosbuffer? Hoe zuiver is het preparaat?  
Sjef Boeren, altijd gepassioneerd bezig om de LC-MS/MS te optimaliseren en daar 
ben ik je zeer dankbaar voor, maar ook: Koffietijd en Lunchtijd, om mij los te 
koppelen van de PC met al die ladingen aan data. Jacques Vervoort keek naar de 
eiwit-eiwit-interacties die voor mij ook weer nieuw waren. Veel heb ik van jullie 
geleerd en daarvoor mijn dank. 
 
Jules Beekwilder 
De wereld van de enzymen: Jules heeft mij wegwijs gemaakt in deze wereld van 
enzymen EN de remmers hiervan. Hierdoor ben ik gepassioneerd geraakt voor de 
dynamiek van deze interacties. Dat allemaal heb ik aan jou te danken Jules, heel 
veel dank hiervoor. 
 
Studenten 
Dan hebben we de WUR-studenten: Marc van der Kamp, die de basis heeft gelegd 
voor hoofdstuk 4. Verdere uitvoering hiervan is verricht door Eelco Hoogwout. 
Jullada Laothawornkitkul has performed a major piece of work by generating a vast 
number of Avr2-mutant constructs.  
Daarna kwam er een reeks aan HAN/HBO-studenten: Mark de Graaf, Noor van 
Reekum, Nora Ludwig en Richelle Spanjers hebben veel testen verricht voor het 
vooronderzoek, maar zoals zo vaak loopt het onderzoek toch iets anders dan de 
hypothese beschrijft. Toch, zonder jullie inzet hadden we dat ook weer niet geweten. 
Mijn dank hiervoor is groot. 
EN...via deze HAN-studenten ben ik uiteindelijk aan mijn huidige functie gekomen. 
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De HAN-collega’s 
Kort en krachtig kan ik zeggen: mijn huidige baan voelt als een warm nest. Toen 
eenmaal de definitieve beslissing was genomen om mijn promotie daadwerkelijk af te 
ronden, was ik verrast door de vele spontane en hartverwarmende reacties. Ook heb 
ik heerlijk kunnen ventileren als dat weer eens nodig was. Beste collega’s, hartelijk 
dank hiervoor.  
 
Pa en Ma Janssen 
Ondanks dat mijn onderzoek soms te ver van jullie realiteit stond, hebben jullie zeker 
warme belangstelling hiervoor getoond. Een mengeling van trots en bezorgdheid. 
Regelmatig werd ik gevraagd voor een klusje bij jullie, zodat ik mijzelf losmaakte van 
de computer. En dan even bijkletsen en na een lekker bakkie koffie kon ik er weer 
tegenaan. 
Pap en Mam, BEDANKT. 
  
 

 
Ons El, thuis 

 
Na een week Fyto, vrijdagsavonds, donker is het op ’s lands wegen. 

De motor spint, het dashboard met alle kleuren, geeft deze rit zijn zegen. 
De economische levensader A50, A73 niet naar Köln. Nijmegen. 

Als een landingsbaan, heldere straatverlichting in de verte, de skyline als decor. 
Druk eraf. Het toerental zakt. Banden glijden in het asfaltspoor. 

De bebouwde kom, garage inrollen, laatste meters voordat ik je stem weer hoor. 
Keuken een bende, de geur van spaghetti. Dan weet ik dat we thuis zijn. 

Een glas wijn, mijn bordje weer gevuld. Dan weet je dat we thuis zijn. 
Uitbuiken op de bank. Voor het scherm met DVD. Dan voelen we dat we thuis zijn. 

Fles is leeg. Loom wordt het lijf. Voor morgen is de rest. 
Laatste ronde. Het huis op slot. Als twee honden in een nest. 

Duizenden dankwoorden, in één blik naar jou. Dat weet jij als de beste. 
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