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Chapter |

General Introduction

Engineering NB-LRRs for broad-spectrum resistance, one of the ways to Rome?

El cristal de Marte
En algun lugar de los vastos arenales de Marte, hay un
cristal muy pequefo y muy extrano.
Si alzas el cristal y miras a través de él, veras el
hueso detras de tu ojo, y mas adentro luces que
se encienden y se apagan, luces enfermas que no
consiguen arder, son tus pensamientos. Si oprimes
entonces el cristal en el sentido del eje medio,
tus pensamientos adquiriran claridad y justeza
deslumbrantes, descubriras de un golpe la clave del
uinverso todo, sabras por fin contestar hasta el dltimo
por qué.
En algun lugar de Marte se halla ese cristal.
Para encontrarlo hay que examinar grano por grano
los inacabables arenales.

Sabemos también que, cuando lo encontremos y
tratemos de recogerlo, el cristal se disgregara, sélo
nos quedara un poco de polvo entre los dedos.
Sabemos todo eso, pero lo buscamos igual.

Héctor G. Oesterheld
“Los argentinos en la Luna”
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General introduction

Introduction

Land plants are thought to have emerged around 450 million years ago, when their
evolutionary lineage separated from that of animals. This has resulted in clear and
well-studied differences between plants and animals, regarding their morphology,
genetics, functioning and developmental programs. Nonetheless, biological processes
exist in which plants and animals share striking resemblance. The innate immune
system is one of them.

The ability to detect the presence of harmful pathogens is of vital importance,
which explains the existence of immune systems in both animals and plants.
Throughout evolution, animals have developed cell types especially devoted to
the detection of pathogens and modified self-molecules. Altogether, immune
responses in animals involve either the innate or adaptive immune systems,
which are in turn interconnected (Williams et al., 2010; Eisenbarth et al., 2012;
Hua and Hou, 2013). The innate immune system constitutes a first line of defence
against microorganisms and is characterized by a lack of specificity, since it detects
highly conserved microbial molecules. In the presence of adapted pathogens that
are able to circumvent this first defence line, a second line of defence is provided
by the adaptive immune system, only found in jawed vertebrates. This exquisite
system, by which the organism adapts its response during an infection to improve
recognition, is of high specificity and the response is retained over time, providing
an immunological memory. Importantly, the adaptive immune system is activated
by the innate immune responses (Williams et al., 2010; Eisenbarth et al., 2012).
Unlike animals, plants do not have a circulatory system and in plants no specific
immune cell types have been described so far. On the contrary, every plant cell has
the potential to recognize the presence of a pathogen and defend itself. Thus, plants
are deprived of an adaptive immune system and rely solely on their innate immune
responses.

Animal and plant innate immunity: same actors, different plot?

Although the mechanisms that lead to innate immunity in animals and plants are
different, the main actorstriggering and orchestrating these responses are functionally
conserved. In both phyla innate immunity involves Pattern-Recognition Receptors
(PRRs), which recognize the presence of highly conserved microbial molecules
known as Microbe-Associated Molecular Patterns (MAMPs) (Jones and Dangl, 2006;
Elinav et al., 2011). Animal PRRs are either extracellular or intracellular proteins.
Toll-Like Receptors (TLRs) are PRRs composed of an extracellular Leucine-Rich
Repeat (LRR) domain and a cytoplasmic TIR (Toll/Interleukin-1 Receptor) domain
(Sasai and Yamamoto, 2013). TLRs are devoted to the perception of extracellular
molecules such as bacterial flagellin or danger-associated molecules, which are
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released by the host at the event of pathogen ingress (Poltorak et al., 1998; Gottar
et al., 2002; Millien et al., 2013). On the other hand, intracellular animal PRRs are
represented by the Nucleotide-binding, leucine-rich repeat-Like Receptors or NLRs.
As for TLRs, NLRs also recognize broadly conserved microbial molecules such
as peptidoglycan, which is recognized by NOD1 and NOD2 (Girardin et al., 2003;
Girardin et al., 2003), and bacterial flagellin that is perceived by NLRC4 (Franchi
et al., 2006). Plants also possess PRRs, devoted to the perception of extracellular
MAMPs. Examples of these are FLS2 (FLagellin Sensing 2) and EFR (Elongation
Factor Receptor) both of which are Receptor-Like Kinases (RLKs) from Arabidopsis
(Arabidopsis thaliana) that recognize bacterial flagellin and elongation factor Tu,
respectively (Goémez-Gémez and Boller, 2000; Zipfel et al., 2006). Rice (Oryza sativa)
CEBIP (Chitin-Elicitor Binding Protein) is a Receptor-Like Protein (RLP) capable of
detecting fungal chitin in conjunction with the RLK CERK]1 (Chitin-Elicitor Receptor
Kinase 1) (Kaku et al., 2006; Miya et al., 2007; shimizu et al., 2010). As is the case for
animal PRRs, these plant receptors do not discriminate between different kinds of
bacteria or fungi and trigger an immune response that is sufficient to stop invasion
by non-adapted pathogens.

Interestingly, plant genomes also code for NLR proteins, which are generally known
as NB-LRRs (Nucleotide-Binding, Leucine-Rich Repeat proteins). Plant NB-LRRs and
animal NLRs share a central nucleotide binding domain that evolved from a common
ancestor (described in detail in the following section) and a variable number of LRRs
at their C-terminal part. LRRs are generally involved in protein-protein interactions.
In plant NB-LRRs, they mediate both elicitor recognition as well as auto-inhibition
by means of intermolecular and intramolecular interactions, respectively. Swap
experiments between LRR domains of closely related NB-LRR proteins resulted in
altered recognition specificity, as has been demonstrated for the different alleles
encoded by the L locus in flax (Linum usitatissimum) (Dodds et al., 2001; Dodds et
al., 2006), the Mildew Locus A (MLA) in barley (Hordeum vulgare) (Shen et al., 2007)
and also for tomato Mi-1 (Hwang and Williamson, 2003). Furthermore, deletion
of the LRR region of some plant NB-LRRs, as well as animal NLRs, results in the
spontaneous induction of defence responses and thereby demonstrates the auto-
inhibition role of this domain (Ogura et al., 2001; Ade et al., 2007; Rairdan et al.,
2008). The N-terminal region, however, is less conserved between different NLRs
and NB-LRRs. In NLRs there is a fairly broad range of possible domains, based on
which they are sub-grouped into various families (Ting et al., 2008). Typical examples
are the Caspase Activation and Recruitment Domain (CARD) and the PYrin Domain
(PYD). These domains have been related to recruitment of down-stream signalling
partners, in a process that involves NLR self-association, which is referred to as
homotypic protein interaction (Elinav et al., 2011). Plant NB-LRRs, on the other
hand, possess either a Coiled-Coil (CC) or a TIR domain, which classifies them into
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CC-NB-LRRs (CNLs) and TIR-NB-LRRs (TNLs). There are exceptions to this, wherein
NB-LRRs possess additional and/or alternative domains at their N-terminus (Grant
et al., 1995; Salmeron et al., 1996; Milligan et al., 1998; Collier and Moffett, 2009).
It is worth noticing that TIR domains were mentioned above as components of
the TLRs, once again reflecting the similarities between plant and animal immune
systems. Similar to animal NLRs, the N-terminal domain of some plant NB-LRRs
interacts with signalling partners (Sacco et al., 2007; Shen et al., 2007; Tameling
and Baulcombe, 2007; Caplan et al., 2008). Moreover, although self-association is
only just emerging in NB-LRR signalling, the N-terminal domain of a number of
NB-LRRs participates in homotypic interactions (Mestre and Baulcombe, 2006;
Ade et al., 2007; Bernoux et al., 2011; Maekawa et al., 2011). At least for the CNL
MLA10 (Maekawa et al., 2011) and the TNL L6 (Bernoux et al., 2011), a link between
homodimerization of the N-terminal domain and the induction of defence responses
(e.g. cell death, see below) has been suggested.

Despite of their conserved protein structure, NLRs and NB-LRRs show major
differences in their recognition specificity and in the signal transduction pathways
acting down-stream of their activation. For example, unlike animal NLRs, plant
NB-LRRs recognize race-specific pathogen-derived proteins termed effectors, while
NLRs recognize MAMPs or modified-self molecules. Consequently, while NLR-
mediated immunity in animals is non-specific at the level of signal perception, NB-
LRR-dependent immunity in plants is highly specific. This clearly indicates that,
although similar proteins have been recruited by both animals and plants to mediate
innate immunity, their contribution to immune responses is different. The lack of
a large overlap in the down-stream immune signalling components of NLRs and
NB-LRRs, as well as the marked difference in the type of elicitors that activate
them, has led to the proposition that animal NLRs and plant NB-LRRs do not share
a common evolutionary origin. Instead, their existence in both phyla appears to
be a consequence of convergent evolution (Ausubel, 2005; Maekawa et al., 2011).
That evolution would independently recruit the same protein domains to participate
in innate immunity probably points to biochemical constrains of the pathways, as
already suggested by Ausubel (2005).

NLRs and NB-LRRs: STANDing at the centre of innate immunity

Animal NLRs and plant NB-LRRs belong to the STAND (Signal Transduction ATPases
with Numerous Domains) NTPase protein family (Leipe et al., 2004). These modular
proteins do not only occur in animals and plants, but are also found in archaea,
bacteria and fungi, fulfilling highly diverse biological functions. STAND NTPases
mainly act as molecular switches, regulating the activation of signal transduction
pathways (Leipe et al., 2004). Essential for this function is their ability to reversibly
bind nucleotides and hydrolyse them, which causes conformational changes that
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modulate the activity of the molecular switch. Nucleotide binding in NB-LRRs is
performed by a central domain known as NB-ARC for Nucleotide-Binding (NB) and
domain found in the human Apoptotic Protease-Activating Factor 1 (Apaf-1), plant
Resistance proteins and Caenorhabditis elegans CED-4 (Cell Death protein 4), that
also regulate apoptosis. Animal NLRs possess an evolutionary related nucleotide-
binding domain, known as NACHT (found in NAIP, CIITA, HET-E and TP1). The NB-
ARC and NACHT domains probably evolved from a common ancestor (Leipe et al.,
2004) and are characterized by the presence of highly conserved motifs, among which
the most notable are the P-loop (or Walker A) and Walker B motifs (Leipe et al., 2004;
Danot et al., 2009). The P-loop motif, with the consensus sequence GxxxxGKS/T (in
which “x” indicates any amino acid residue), binds the p- and y-phosphates of the
nucleotide through the K residue, whereas the S/T residue interacts with a Mg*?ion
(Leipe et al., 2004; Takken et al., 2006; Danot et al., 2009). On the other hand, the
Walker B motif (with consensus sequence hhhhDD/E, in which “h” is a hydrophobic
amino acid) is important for coordination of a Mg*2?ion through the first invariant
D, while the second D is the catalytic residue that mediates NTP hydrolysis (Leipe
et al., 2004).

The NACHT and NB-ARC domains of NLRs and NB-LRRs bind either ATP or ADP.
As mentioned earlier, it has been proposed that the bound nucleotide dictates the
overall structure of the protein and therefore, its activation state. The first evidence
for nucleotide binding by a plant NB-LRR came from work on the tomato immune
receptor I-2, which confers resistance to Fusarium oxysporum f. sp. lycopersici
(Tameling et al., 2002). After that, ATP binding was shown for other plant NB-LRRs
(Ueda et al., 2006; Maekawa et al., 2011; Williams et al., 2011), as well as for animal
NLRs (Duncan et al., 2007; Ye et al., 2008; Zurek et al., 2012). Moreover, replacement
of the K residue of the above-mentioned P-loop motif impairs nucleotide binding and
abrogates the ability of I-2 to induce defence responses (e.g. cell death, see below),
clearly demonstrating that nucleotide binding is necessary for I-2 functioning
(Tameling et al., 2002; Tameling et al., 2006). Requirement of a functional P-loop motif
has also been shown for other NB-LRRs (DinesH-Kumar et al., 2000; Tao et al., 2000;
Bendahmane et al., 2002; Tornero et al., 2002; Howles et al., 2005; Ade et al., 2007).
Apart from the P-loop and Walker B motifs, NB-LRRs contain additional conserved
motifs, namely hhGREXE, RNBS-A, RNBS-B, GLPL and MHD. The RNBS-B and GLPL
motifs show a certain degree of conservation in animal NLRs too, where they are
known as Sensor I and GxP, respectively (Meyers et al., 1999; Leipe et al., 2004;
Takken et al., 2006; Proell et al., 2008; Danot et al., 2009). Moreover, the motif WH,
present in the NACHT domain of NLRs and in Apaf-1, contains a highly conserved
H residue that is also found in the MHD motif of plant NB-LRRs (Riedl et al., 2005;
Proell et al., 2008). Although their function is not as clear as for the P-loop and the
Walker B motifs, experimental evidence based on the identification of mutations
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with gain or loss-of function phenotypes indicates that those motifs contribute to
nucleotide binding as well (Neuwald et al., 1999; Iyer et al., 2004; Danot et al., 2009).
Interestingly, analysis of the crystal structure of Apaf-1 revealed that conserved
residues in the GxP and WH motifs are directly involved in binding of the nucleotide,
demonstrating that some of these residues are not only conserved between NB-LRRs
and NLRs but also amongst other STAND proteins (Riedl et al., 2005).

Extensive mutational analyses have been performed in several plant NB-LRRs,
based on which a model for NB-LRR functioning has been proposed (Takken and
Tameling, 2009; Takken and Goverse, 2012). In the absence of a pathogen, NB-LRRs
are kept in an ADP-bound “off” state, due to intramolecular interactions between
the LRR and NB-ARC domains. Perception of a pathogen-derived effector, either
directly or indirectly, induces conformational changes whereby ADP is exchanged
by ATP. Ultimately, ATP binding drives further conformational changes, likely
exposing previously buried signalling domains. The NB-LRR protein is now in its
“on” state, capable of initiating defence signalling. Finally, the return to a resting
state is accomplished by ATP hydrolysis. In accordance with this model, a mutation
in the catalytic D residue of the Walker B motif, inhibiting ATP hydrolysis, results
in an auto-active protein that induces defence responses in the absence of pathogen
recognition (Bendahmane et al., 2002; de la Fuente van Bentem et al., 2005; Tameling
et al., 2006; Ade et al., 2007; Du et al., 2012).

NLRs and NB-LRRs: converging at the point of death?

Upon challenge by pathogens, a localised cell death can be an effective measure
of creating a harsh environment for the invader. Programmed Cell Death (PCD)
is a highly controlled process that occurs in both plants and animals during their
development and upon activation of the immune response. The best studied form
of PCD in animals is apoptosis, which, in addition to a role in development, has a
fundamental role in immunity. The already mentioned protein Apaf-1 is crucial for
triggering mitochondria-dependent apoptosis in a signalling cascade that involves
the sequential activation of different cysteine proteases known as caspases (Zou et
al., 1997). Necrosis is yet another cell death pathway that, though not as controlled
and energetically expensive as apoptosis, elicits an inflammatory response (Zong
and Thompson, 2006; Ting et al., 2008). Necrosis is mainly thought to occur through
the release of cellular components, which can be perceived by neighbouring cells.
Interestingly, the report of pyroptosis and necroptosis as additional cell death
pathways that simultaneously share characteristics of both apoptosis and necrosis
suggests that the dichotomy between these two forms of cell death is likely not so
defined (Ting et al., 2008; Coll et al., 2011).

As mentioned above, PCD is also a defence mechanism in plant innate immunity. The
Hypersensitive Response (HR) is a plant-specific type of PCD induced upon pathogen
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recognition (Heath, 2000). Various genetic and biochemical experiments, aimed at
deciphering the HR signalling cascade at a molecular level have revealed that the
influx of Ca?* and the efflux of K" and Cl’, in addition to the production of Reactive
Oxygen Species (ROS) and Nitric Oxide (NO) are the very early events occurring after
initiation of the response leading to the HR (Melillo et al., 2006; Ma and Berkowitz,
2007; Ma et al., 2008). With respect to the actual executors of the HR, to date no
close homologs of caspases have been identified in plants. Nonetheless, in plants
various proteases with caspase-like activities have been identified to be involved in
the HR (Hatsugai et al., 2004; Nakaune et al., 2005; Hatsugai et al., 2009; Coll et al.,
2011).

As already mentioned, there is only limited overlap in the genetic components acting
down-stream of NLR and NB-LRR activation. Although both immune responses
involve massive transcriptional reprogramming, the signal transduction pathways
that trigger these substantial transcriptional changes, as well as their final outcome
are not conserved between animals and plants. However, the cell death response
itself appears to be a point of convergence of NLR and NB-LRR signalling. Activation
of NLR proteins involves the formation of higher-order protein complexes, termed
inflammosomes, leading to an inflammatory response and effective defence. NLR
activation is associated with the processing and secretion of InterLeukin (IL)-
1B, involving a signalling cascade that depends on caspase-1 (Elinav et al., 2011).
However, animal NLRs were found to also mediate pyroptosis and necroptosis, in
response to several pathogenic stimuli in a caspase-dependent and -independent
way, respectively (Brennan and Cookson, 2000; Cervantes et al., 2008). In plants,
the HR is mainly associated with the activity of NB-LRRs. As of today, the exact
mechanism by which NB-LRRs induce cell death is unknown. The triggering of cell
death upon transient expression of these proteins in planta is a hallmark of their
activity and has constituted an important tool for detailed studies on NB-LRRs
(Bendahmane et al., 2002; de la Fuente van Bentem et al., 2005; Gabriéls et al., 2007).
However, examples exist in which NB-LRR-mediated resistance to pathogens occurs
independently of triggering cell death, indicating that NB-LRR-induced PCD and
resistance to pathogens can be uncoupled (Bendahmane et al., 1995; Clough et al.,
2000; Bulgarelli et al., 2010). An interesting point emerging from these observations
is that NB-LRR activity might be manipulated to obtain disease resistance, without
the potentially detrimental consequences of cell death.

Plants against pathogens; a continuation of ups and downs

Plant NB-LRR proteins recognize effector proteins from pathogens. Therefore, since
they do not recognize MAMPs, they are not considered as PRRs but are known as
Resistance (R) proteins, which provide immunity against pathogens expressing
matching effector proteins. These effectors are virulence factors, as they facilitate
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pathogens to cause disease, often compromising PRR-mediated defence. Virulence
factors detected by R proteins are generally known as avirulence (Avr) factors, since
their recognition results in avirulence of the pathogen. Most R proteins function
according to the so-called “gene-for-gene” model, which states that for every
dominant plant R gene there is a corresponding dominant Avr gene present in the
pathogen (Flor, 1971). This dictates the outcome of a plant-pathogen encounter,
such that only when matching R and Avr gene products meet each other, the plant
is resistant to pathogen infection due to effector-recognition. The “gene-for-gene”
model infers an interaction between resistance- and Avr proteins (Crute, 1994) and
although direct interaction of R/Avr protein pairs has been shown (Dodds et al.,
2006; Wang et al., 2007; Krasileva et al., 2010; Kanzaki et al., 2012), it does not
appear to be the general mechanism by which R proteins sense invading pathogens.
In contrast, many R proteins detect the presence of pathogen-derived effectors
indirectly. The finding that R proteins can act as so called “guardians” of effector
targets led to the postulation of the “Guard hypothesis”, which states that effector-
induced modifications of host targets can activate R proteins and trigger defence
responses (Van der Biezen and Jones, 1998; Dangl and Jones, 2001). Well-studied
examples of NB-LRR proteins monitoring effector-driven modifications of host
targets are Arabidopsis RPM1 (Resistance to Pseudomonas syringae pv. Maculicola-1)
and RPS2 (Resistance to Pseudomonas Syringae-2), which are both guarding RIN4
(Rpm1-INteracting protein-4) (Axtell and Staskawicz, 2003; Mackey et al., 2003),
and tomato Prf (Pseudomonas Resistance and Fention sensitivity) (Salmeron et al.,
1994), that monitors the kinase Pto (Rathjen et al., 1999; Mucyn et al., 2006).

An adaptive immune system does not exist in plants and they solely rely on innate
immunity to combat pathogens. In a comprehensive way, the “zigzag” model
(Jones and Dangl, 2006) describes the plant innate immune system as consisting
of two layers, one controlled by PRRs and the other by R proteins. PRRs, through
the recognition of MAMPs such as flagellin and chitin, mediate MAMP-Triggered
Immunity or MTI. This immune response is generally sufficient to stop most
microbes from causing disease. However, adapted microbes become successful
pathogens by delivery of effectors into plant tissues that inhibit M'TI, rendering plants
susceptible to these pathogens. As an evolutionary response to this susceptibility,
plants evolved a second layer of defence, turning Effector-Triggered Susceptibility
(ETS) into Effector-Triggered Immunity (ETI). R proteins lay at the frontline of ETI
and evolved to detect the presence (or action) of pathogen-derived effectors in a
highly specific manner. Although the strong resistance response associated with ETI
is extremely effective, it can eventually be overcome if the pathogen succeeds in
avoiding recognition. It can do so by either deleting or mutating the effector gene,
turning the game again into its favour. From here on, it is predictable that plants will
in turn deploy new R proteins to once again become resistant to the pathogen, and

15



CHAPTER 1

thus pushing the pathogen to overcome this newly acquired resistance and causing
this continuation of ups and downs.

PTI, ETI or something in between...?

PTI and ETI were previously considered as two discrete tiers of plant innate
immunity (Jones and Dangl, 2006). However, a closer examination of the signalling
cascades activated in both types of immunity revealed a lot more overlap than was
previously anticipated (Mur et al., 2008). Both MTI and ETI involve the activation
of MAPK cascades, changes in intracellular Ca?* concentrations, synthesis of ROS,
transcriptional reprogramming and even cell death (Taguchi et al., 2003; Naito et al.,
2008), challenging the paradigm that PCD is a specific hallmark of ETI. Although
experimental evidence still widely supports a difference between compounds
derived from pathogens that actually trigger MTI and ETI (e.g. MAMPs vs. effectors),
there are also examples of pathogen-derived elicitors and plant immune receptors
that cannot simply be categorized into either MAMP/effector and PRR/R protein,
respectively (Bolton et al., 2008; de Jonge et al., 2010; Fradin et al., 2011). Examples
include the tomato immune receptors Cf-4 and Vel, which confer resistance to the
fungal pathogens Cladosporium fulvum and Verticillium dahliae by recognising the
pathogen-derived proteins Avr4 and Avel, respectively (Joosten et al., 1994; de Jonge
et al., 2012). Although Avr4 and Avel cannot be considered as molecular patterns
such as chitin or flagellin, their distribution amongst pathogens is more common
than for other effectors (de Jonge et al., 2010; Stergiopoulos et al., 2010). Examples
like this have led to the notion that rather than encompassing two discrete layers
of immunity, MTI and ETI merge into one type of immune response, not only with
respect to the elicitors and receptors involved, but also in relation to the signalling
cascades that are activated (Thomma et al., 2011). In that respect, considering the
wider distribution of Avr4 and Avel, Vel and Cf-4 lay in-between the definitions of
PRRs and R proteins.

If MTI and ETI responses are indeed a continuum, it is tempting to speculate that
components of MTI and ETI can be manipulated in order to obtain immune responses
that are as broad as MTI and as effective and fast as ETI. Interestingly, transfer of the
PRR EFR from Arabidopsis to tomato resulted in tomato plants resistant to bacteria
of different genera, based on the recognition of the elongation factor Tu (Lacombe
et al., 2010). Further examples are provided by the transfer of Arabidopsis FLS2 to
tomato (Chinchilla et al., 2006) and Vel from tomato to Arabidopsis (Fradin et al.,
2011). These results not only show that defence signal transduction pathways are
conserved between different plant families but also suggest that PRR receptors can
be engineered and used in other plants to confer a broad-spectrum, and potentially
durable, resistance in the field.
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NB-LRRs have also been transferred between different plant species, which has
resulted in a number of successful examples (Maekawa et al., 2012; Narusaka et al.,
2013; Periyannan et al., 2013; Saintenac et al., 2013). From these studies, probably
the most remarkable one is the finding that MLA1 from barley is functional in
Arabidopsis plants that are partially compromised in their resistance to Blumeria
graminis f. sp. hordei (Maekawa et al., 2012). The observation that an immune
receptor from a monocotyledonous plant is functional in a dicotyledonous plant
species indicates that a major conservation in plant innate immune signalling exists.
Considering the compelling evidence for down-stream signalling conservation, a
future challenge in NB-LRR research is to investigate whether these proteins can be
exploited similarly as has been done with PRRs to obtain broad-spectrum, durable
resistance.

Engineering NB-LRRs for broad-spectrum resistance: one of the ways to
Rome...?

Broad-spectrum resistance can be defined as the ability of a single plant species to
resist infection by two or more types of pathogen species or to the majority of races
of the same pathogen (Kou and Wang, 2010). In this regard, MTI can be considered to
provide broad-spectrum resistance. Moreover, as MTI is directed against conserved
structural components of microbes, such as bacterial flagellin and fungal chitin that
pathogens cannot spare or easily mutate to avoid recognition, it is also expected to
be a durable type of resistance. However, MTI is not effective against host-adapted
pathogens. Therefore, from the perspective of breeding, broad-spectrum resistance
that relies on ETI to stop adapted pathogens is desirable. Although generally very
effective in arresting pathogen proliferation, the race-specificity of ETI imposes a
limit on the extent of its application, since it only provides resistance to a certain
strain of a pathogen. Additionally, resistance based on recognition of race-specific
effectors, which can be easily lost or mutated, is prone to a short life in the field.

Broad-spectrum and durable resistance is still a holy grail in plant breeding.
For decades, the industry has based its strategies on the exploitation of R genes,
mostly NB-LRRs. However, due to the above mentioned reasons, the resistances
applied in monocultures were frequently overcome by new strains of the pathogen
(Gassmann et al., 2000). Stacking several R genes, involved in the recognition of
different effectors, in one plant genome (so-called pyramiding) became an interesting
option. The chance that a pathogen can overcome multiple R genes by altering or
deleting multiple effectors simultaneously is small and pyramiding can therefore
provide a type of resistance that is expected to be durable. Overall, a more holistic
approach that integrates commonly used breeding strategies with genome sequence
information on the diversity of plant pathogens that is present, is likely to be the
way to broad-spectrum and durable resistance in the field (Dangl et al., 2013).
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An alternative approach to broad-spectrum, durable resistance is the exploitation
of signalling components that act down-stream of R protein activation. Some
down-stream signalling components are hubs into which several pathways,
activated by different immune receptors, converge (Mukhtar et al., 2011). Due to
their promiscuous nature, these molecular nods are involved in resistance against
a broad spectrum of pathogens. Moreover, since they are not directly involved in
effector-recognition themselves, enhanced signalling activity of such components
in plants could make it harder for pathogens to overcome this resistance trait,
thereby making it more durable. Recently it was discovered that some NB-LRRs
act as down-stream components in defence signalling cascades, instead of being
immune receptors per se. To differentiate between these two activities, the terms
“sensor NB-LRR"” and “helper NB-LRR"” have been coined (Bonardi et al., 2011). In
this respect, sensor NB-LRRs are involved in recognition of race-specific pathogen-
derived effectors, as extensively elaborated on in this chapter. Helper NB-LRRs, on
the other hand, though not directly involved in effector recognition, assist sensor
NB-LRRs in their function, eventually contributing to the HR and disease resistance.
The following proteins are examples of helper NB-LRRs. N-Requirement Gene-1
(NRG1) is required for N-mediated resistance to TMV (Tobacco Mosaic Virus) in N.
benthamiana (Peart et al., 2005), whereas ADR1-L2 (Activated Disease Resistance-1-
Like 2) (Grant et al., 2003) is involved in MTI, RPS2-mediated ETI and basal defence
of susceptible Arabidopsis plants (Bonardi et al., 2011). Remarkably, these functions
are independent of the nucleotide-binding capacity of ADR1-L2, suggesting that
the helper function of this NB-LRR relies on a mechanism that does not involve
nucleotide-driven conformational changes (Bonardi et al., 2011).

NRCI1, a signalling hub of the tomato immune system

Cladosporium fulvum is a foliar, biotrophic fungal pathogen that colonises the
extracellular space of tomato leaves (de Wit, 1977; Joosten and de Wit, 1999;
Thomma et al., 2005). Tomato is the only host of C. fulvum, which has resulted
in the acquisition by the plant of specific R proteins encoded by Cf genes, capable
of recognising particular fungal effector (Avr) proteins. Recognition of Avr proteins
from C. fulvum by the corresponding tomato Cf proteins activates a defence
response in tomato (de Wit et al., 2002). Moreover, this recognition triggers a typical
HR response. The tomato - C. fulvum system has been extensively studied, as the
interaction between tomato Cf and fungal Avr genes provides very good examples
for the “gene-for-gene” model and the guard hypothesis (Rooney et al.,, 2005)
Additionally, transient expression of Cf proteins and their matching Avr proteins in
N. benthamiana also induces a Cf-mediated defence response that includes an HR
(van der Hoorn et al., 2000; Liebrand et al., 2012). To study the HR elicited in tomato
upon effector-recognition, tomato plants expressing the R gene Cf-4 were crossed to
plants expressing the corresponding effector of C. fulvum, Avr4. Since the seedlings
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resulting from this cross express both the Cf-4 and Avr4 genes, these plants undergo
a synchronised and systemic defence response which eventually culminates in the
death of the tomato seedling, hence the name “Dying Seedlings” (DS) (de Jong et al.,
2002; Gabriéls et al., 2006; Stulemeijer et al., 2009). Interestingly, the development
of this form of PCD is temperature- and humidity-sensitive and can therefore be
controlled by manipulating the growth conditions of the seedlings; turning the DS
into a highly versatile system to study the various processes that are related to
mounting the HR in plants (de Jong et al., 2002; Gabriéls et al., 2006; Stulemeijer et
al., 2009; Etalo et al., 2013).

A cDNA AFLP analysis on the DS, followed by high-throughput Virus-Induced Gene
Silencing (VIGS) of the identified set of differentially expressed genes, revealed the
identity of several genes required for the Cf-4/Avr4-triggered HR. Amongst these
genes was an NB-LRR-encoding gene, referred to as NRC1, for NB-LRR Required for
hypersensitive response-associated Cell death-1 (Gabriéls et al., 2006; Gabriéls et al.,
2007). An in-depth study revealed that NRC1 is necessary for resistance of tomato to
the fungal pathogens C. fulvum and V. dahliae, mediated by Cf-4 and Vel, respectively
(Gabriéls et al., 2007; Fradin et al., 2009). Moreover, NRC1 is also involved in the
down-stream signalling cascades leading to the HR in N. benthamiana activated
by several intracellular (Rx, I-2, Mi-1 and Prf/Pto) and extracellular (Cf-4 and Cf-
9) R proteins, as well as by the tomato PRR Eix2 (Gabriéls et al., 2007). Notably,
the observation that NRC1 is involved in the resistance and HR mediated by both
intracellular and extracellular R proteins, as well as by PRRs, suggests that this NB-
LRR participates in both MTI and ETI-associated signalling cascades as was also
reported for ADR1-L2 (Gabriéls et al., 2007) (Roberts et al., 2013). These findings
further reinforce the idea that MTI and ETI are interconnected and overlap in the
signalling pathways that they employ (Thomma et al., 2011).

Based on its genetic association with such a wide range of immune receptors, it was
predicted that NRC1 likely acts as a central signalling switch in the tomato immune
response. Studying how NRC1 is able to assist immune receptors involved in MTI
and ETI can provide invaluable insight into the mechanism and regulation of NB-
LRR functioning and plant innate immunity in general. Moreover, it can also deliver
the basic knowledge required to eventually be applied into breeding programs that
lead to broad-spectrum resistance. Therefore, this thesis is focussed on studying this
down-stream signalling NB-LRR, with the aim to provide tools to eventually achieve
broad-spectrum resistance.
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Outline of this thesis

The research presented in this PhD thesis is aimed at understanding the mechanism
by which the down-stream NB-LRR protein NRC1 mediates broad-spectrum
resistance to pathogens in tomato. Fundamental questions on the biology of NB-
LRR functioning are addressed, as well as the potential implementation of NRC1 to
obtain broad-spectrum resistance to pathogens.

In Chapter 2 the search for NRC1 interactors in planta is described, in an attempt
to unravel the signalling cascade that is induced after NRC1 activation. Immuno-
precipitation assays, followed by mass spectrometry analysis revealed that the NB
subdomain of NRC1 (NRC1-NB) and the full-length NRC1 protein (NRC1™?) interact
with a Heat Shock Protein 70 (HSP70) in planta. Moreover, the identification of the
signalling domain of NRC1, capable of triggering elicitor-independent cell death, is
presented.

Chapter 3 focuses on the identification of mutations that affect the activity of
NRC1. Employing an EMS-mutagenized tomato population as starting material,
the NB-ARC domain of NRC1 was mined for the presence of mutations by means
of high-throughput sequencing technology. Three mutations were identified in the
NB subdomain of NRC1, all of which negatively affected the HR-signalling activity
of the protein therefore representing loss-of-function mutations. Additionally, the
effect of the mutations on effector-triggered changes in the oligomeric state of NRC1
was studied. Moreover, a 3D structural model of the NB-ARC domain of NRCI is
introduced.

Chapter 4 describes the generation of a library of NRC1 variants that contain
mutations in the NB-ARC domain, aimed at the identification of mutants that cause
elicitor-independent HR upon their transient expression in N. tabacum. The newly
identified gain-of-function mutations were mapped on the 3D model of the NB-
ARC domain of NRC1, providing insight into the mechanism by which they activate
the NRC1 protein. Finally, the potential implementation of these NRC1 mutants in
breeding programs to obtain broad-spectrum resistance to pathogens is discussed.

Employing Activity-Based Protein Profiling (ABPP), in Chapter 5 a study on the
dynamics of the activation of several hydrolytic enzymes in tomato seedlings
undergoing a synchronised HR is described. Changes in the activity of serine
hydrolases and papain-like cysteine proteases are presented, and were confirmed
to occur in the apoplast of infected tomato leaves. Moreover, the identity of the
differentially activated serine hydrolases was determined by mass spectrometry.
Finally, the participation of these enzymatic activities in the effector-triggered HR
is discussed.
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In Chapter 6 the results presented in this thesis are integrated into a model describing
how NRC1 could be exploited to obtain broad-spectrum resistance in the field. A
mechanism by which NRC1 mediates broad-spectrum resistance to pathogens is
proposed and contrasted with notions from the animal field.
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CHAPTER 2

Abstract

Nucleotide-Binding, Leucine-Rich Repeat (NB-LRR) proteins comprise the biggest
class of plant immune receptors, also called Resistance (R) proteins. They coordinate
pathogen perception and subsequent activation of plant defence responses. Upon
recognition of race-specific proteins of invading pathogens, called effectors or
avirulence proteins (Avrs), NB-LRRs trigger a signalling cascade that generally
is associated with the Hypersensitive Response (HR), a plant-specific type of
Programmed Cell Death (PCD). NRC1 (NB-LRR Required for HR-associated Cell
death-1) is an NB-LRR of tomato that participates in the defence signalling cascade
down-stream of different classes of immune receptors. However, it is not involved
in pathogen perception itself. Silencing with the NRCI construct suppresses the HR
triggered by transient co-expression of various R/Avr combinations in Nicotiana
benthamiana, as well as R protein-mediated resistance to fungal pathogens in
tomato. This promiscuity turns NRC1 into an interesting candidate to elucidate
the molecular mechanisms by which down-stream signalling NB-LRRs induce cell
death and resistance. Firstly, we show that the Nucleotide-Binding (NB) subdomain
of NRC1 is the minimal region capable of triggering HR. Furthermore, to unravel
the mechanisms underlying NB-LRR activation and subsequent signal initiation,
we focused on the identification of in planta-interacting proteins of NRC1. Large
scale immuno-precipitation assays, followed by Mass Spectrometry (MS) analysis to
identify co-purifying proteins were performed for eGFP fusions of the NB subdomain
of NRC1 (NRC1-NB), the full length protein (NRC1"WT) and NRC1P*', an auto-
active mutant that induces an HR upon transient expression in N. benthamiana.
We identified cytoplasmic HSP70 as an interactor of both NRC1-NB and NRC1W*
and confirmed this interaction by in planta co-immuno-precipitation experiments.
Furthermore, we describe possible complications that might arise from MS analyses
on protein samples obtained from tissue undergoing cell death. Overall, we show
the development of an immuno-precipitation assay for full length NB-LRRs which,
in combination with proper controls, should allow the identification of additional in
planta interactors.
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Introduction

Nucleotide-Binding, Leucine-Rich Repeat (NB-LRR) genes encode for the most
extensive class of plant immune receptors. Along with Receptor-Like Proteins (RLPs),
NB-LRRs are known as resistance (R) proteins and coordinate plant defence against
invading pathogens. Upon recognition of race-specific proteins of pathogens, also
referred to as effectors or avirulence proteins (Avrs), R proteins mediate a signalling
cascade that generally is associated with the Hypersensitive Response (HR), which is
a plant-specific type of Programmed Cell Death (PCD) (Heath, 2000).

NB-LRRs are modular proteins, composed of three major domains. The N-terminal
domain either consists of a Coiled-Coil (CC) or has homology to the Toll/Interleukin-1
receptor (TIR). Based on the nature of this domain, NB-LRRs are subdivided into
CC-NB-LRRs (CNLs) or TIR-NB-LRRs (TNLs) (Meyers et al., 1999). For some NB-
LRRs, such as barley (Hordeum vulgare) MLA10 (Mildew Locus A 10), flax (Linum
usitatissimum) L6, tobacco (Nicotiana tabacum) NRG1 (N-requirement gene 1),
and Arabidopsis thaliana (Arabidopsis) ADR1 (Activated Disease Resistance 1), the
N-terminal domain (which is either a CC or TIR domain) has been proposed to be
the signalling moiety of the protein, as its individual transient expression in absence
of the other domains triggers HR in plant cells (Bernoux et al., 2011; Maekawa et
al., 2011; Collier et al., 2011). The central region or NB-ARC (for Nucleotide-Binding
and domain found in Apaf-1, Resistance proteins and CED4) has the capacity to bind
nucleotides, either ADP or ATP, and thereby regulates the activation state of the
protein (Tameling et al., 2002; Tameling et al., 2006; Ueda et al., 2006; Maekawa
et al., 2011; Williams et al., 2011). This domain can be divided into three subunits,
namely the NB subdomain, the ARCl and ARC2 domains. Interestingly, the NB
subdomain of the NB-LRR Rx, which mediates resistance to Potato Virus X (PVX) in
potato (Solanum tuberosum), is sufficient to induce HR upon transient expression
in tobacco in absence of the other domains (Rairdan and Moffett, 2006). Moreover,
the expression of the CC domain of Rx does not induce cell death, suggesting that
the identity of the signalling domain might not be universal in NB-LRRs. Finally,
the C-terminal part of NB-LRRs consists of a domain made up of a variable number
of Leucine-Rich Repeats (LRRs). This domain participates in elicitor recognition
(Rairdan and Moffett, 2006; Brunner et al., 2010; Qi et al., 2012; Ravensdale et al.,
2012), as well as in auto-inhibition in order to avoid activation of defence responses
in the absence of a pathogen (Moffett et al., 2002; Qi et al., 2012). The current model
on NB-LRR signalling proposes that these proteins are molecular switches that in
the absence of a pathogen are kept in an inactive ADP-bound (“off”) state, as a result
of intra-molecular interactions between the LRR and NB-ARC domains (Moffett et
al., 2002; Qi et al., 2012). Upon recognition of an effector of an invading pathogen
(either directly or indirectly) conformational changes occur through which ADP
is exchanged by ATP, turning the protein in an active (“on”) state. Ultimately, ATP
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binding causes additional conformational changes that likely allow interaction with
signalling partners, thus constituting a platform for the activation of the signalling
cascade that leads to plant defence (Takken and Tameling, 2009; Takken and Goverse,
2012).

Since their first discovery in 1994 (Bent et al., 1994; Mindrinos et al., 1994), studies
have focused on elucidation of the mechanism by which NB-LRRs initiate plant
defence signalling. However, characterisation of the events that occur down-
stream of NB-LRR activation still remains a major challenge in plant pathology.
Nevertheless, understanding the molecular mechanisms by which NB-LRRs initiate
the plant immune response is of high importance, as this knowledge will likely be
exploitable to generate crop plants with improved resistance to pathogens. Two
main roads were taken to unravel NB-LRR-triggered signalling pathways. On one
side, genetic approaches have proved to be successful in deciphering the events
occurring after NB-LRR activation. Examples of these are the identification of EDS1
(Enhanced Disease Susceptibility 1) as a major component of the TNL-triggered
signalling cascade (Parker et al., 1996), as well as of NDR1 (Non-specific Disease
Resistance 1) for CNLs (Century et al., 1995; Aarts et al., 1998). Likewise, genetic
screens have revealed the identity of signalling components required for both TNL-
and CNL- mediated innate immunity, such as RAR1 (Required for Mlal2 Resistance)
(Liu et al., 2002; Takahashi et al., 2003; Bieri et al., 2004; Zhang et al., 2010).
However, not every plant species is amenable to genetic studies. Indeed, most of the
research has been performed in Arabidopsis, for which large genetic resources (e.g.
genome sequences of various ecotypes, mapping populations and mutant libraries)
are available. Although the importance and advantages of Arabidopsis as a model
system are indisputable, still a substantial amount of research is conducted in crop
plants. In that case, alternatives to the above-mentioned genetic resources have
been developed, such as TILLING (Targeting Induced Local Lesions IN Genomes),
which allows the identification of mutations based on DNA sequencing (Wang et al.,
2012), and interference RNA (iRNA)-mediated gene silencing (Lin et al., 2013; Song
et al., 2013).

In addition to a genetic approach, a biochemical approach to identify interacting
partners of NB-LRRs has emerged as an alternative and complementary option to
dive into the molecular mechanisms behind NB-LRR function. Yeast two-hybrid
(Y2H) screenings of plant cDNA libraries performed with individual domains of
NB-LRRs identified a very diverse set of interactors that have subsequently been
confirmed in planta by additional techniques (e.g. co-immuno-precipitation and
Bi-molecular Fluorescence Complementation BiFC). For example, the CC domain
of MLA10 was shown to interact with a WRKY transcriptional regulator, which is
required for MLA10-mediated resistance to Blumeria graminis f sp. hordei in barley
(Shen et al., 2007). Y2H experiments also showed that RIN4 (RPM1-INteracting
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protein 4), which is a negative regulator of basal defence, interacts with the CC
domain of the Arabidopsis NB-LRRs RPMI1 (Resistance to Pseudomonas syringae
pv. Maculicola 1) and RPS2 (Resistance to Pseudomonas Syringae-2) (Mackey et al.,
2002; Mackey et al., 2003). In addition to the identification of signalling partners,
Y2H experiments also revealed the interaction between NB-LRRs and proteins
belonging to the cytoplasmic chaperone machinery (van der Biezen and Jones, 1998;
de la Fuente van Bentem et al., 2005; van Ooijen et al., 2010). Additional experimental
evidence indicates that proteins belonging to the cytoplasmic chaperone machinery
are required to maintain the NB-LRR-containing protein complexes in a properly
folded and signalling-competent state, as has been shown for Rx (Lu et al., 2003;
Azevedo et al.,, 2006; Botér et al., 2007), the MLA locus (Bieri et al., 2004), RPM1
(Hubert et al., 2003; Hubert et al., 2009), N (Mestre and Baulcombe, 2006) and Prf
(Kud et al., 2013). In planta immuno-precipitations (IPs) of epitope-tagged NB-LRRs
are yet another option to study NB-LRR protein complexes. Due the relative low
abundance of most NB-LRRs as complete proteins, many of these experiments
have been conducted with one or two domains, as this often increased the protein
accumulation. Apart from the obvious technical advantage of such an approach, the
employment of single domains might allow the identification of proteins that only
interact with either active or inactive states of NB-LRRs, as was proposed based
on Y2H experiments using truncations and mutants of the NB-LRR I-2 of tomato
(Lukasik-SHreepaathy et al., 2012). By performing affinity-purification of the CC
domain of Rx from N. benthamiana plants, followed by Mass Spectrometry (MS) to
identify co-purifying proteins, the interaction with a Ran GTPase-Activating Protein
2 (RanGAP2) was identified by Tameling and Baulcombe (2007), which mediates the
nucleo-cytoplasmic partitioning of Rx by serving as a cytoplasmic retention factor
for this NB-LRR (Tameling et al., 2010).

We previously reported the identification of tomato NRC1 (NB-LRR Required for
hypersensitive response-associated Cell death-1), an NB-LRR required for resistance
to the fungal pathogens Cladosporium fulvum and Verticillium dahliae, mediated by
the R proteins Cf-4 and Vel in tomato, respectively (Gabriéls et al., 2007; Fradin et
al., 2009). Moreover, NRC1 is also involved in the down-stream signalling cascades
leading to HR in N. benthamiana, activated by several intracellular (Rx, I-2, Mi-1 and
Prf/Pto) and extracellular (Cf-4 and Cf-9) R proteins (Gabriéls et al., 2007). Therefore,
by assisting such a wide range of R proteins in their down-stream signalling, NRC1
likely acts as a central signalling switch in the tomato immune response. The broad
range of immune responses for which NRC1 is required is contrasting with the
recognition-specificity that characterizes all the above-mentioned NB-LRRs, which
generally respond to the presence of one particular effector. This promiscuity, also
described for the Arabidopsis ADRI gene family (Bonardi et al., 2011; Roberts et
al., 2013), turns NRCI into an interesting candidate to exploit for elucidating the
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molecular mechanisms by which down-stream signalling NB-LRRs induce cell death
and resistance. Moreover, proteins that are required for NRC1 function are likely
appealing targets for breeding programs to improve disease resistance in plants, along
with NRCI itself. Here we report the finding that the NB subdomain of NRC1 (NRC1-
NB) is sufficient to trigger elicitor-independent cell death in tobacco. In addition,
we studied the composition of in planta NRC1-containing protein complexes by
immuno-precipitation and subsequent MS analysis and identified heat-shock protein
70 as an endogenous interactor protein of NRC1-NB. This interaction was confirmed
by in planta co-immuno-precipitation experiments with epitope-tagged versions of
the proteins. Finally, we show the successful immuno-precipitation and MS analyses
of protein complexes containing full-length NRC1.

Results

NRCI-NB is the signalling domain of NRC1

In a first attempt to decipher NRC1 functioning and identify which domain initiates
the defence signalling cascade, we investigated which is the minimal region of the
protein capable of inducing an elicitor-independent HR-associated cell death, upon
its transient expression in planta. To this end, the CC, CC-NB, NB, NB-ARC and LRR
domains of NRC1 (Fig. 1A) were fused to eGFP to ensure protein stability (Rairdan
et al., 2008) and transiently expressed in tobacco by Agrobacterium-mediated
transformation (agro-infiltration). In addition to the single domains, we also transiently
expressed full-length non-tagged NRC1 (NRC1). Moreover, transient expression of the
NB subdomain of Rx was included in the analysis as a positive control, since this
domain has previously been reported to trigger elicitor-independent cell death upon
expression in tobacco and N. benthamiana (Rairdan et al., 2008). Indeed, with Rx-
NB cell death became already visible at 2 dpi (days post-inoculation). In contrast,
with NRC1-NB a complete collapse of the infiltrated area appeared two days later
(Fig. 1B). None of the other domains triggered elicitor-independent cell death (Fig.
1C), suggesting that the NB subdomain of NRC1 is the minimal signalling domain,
similar to what was previously suggested for Rx (Rairdan et al., 2008). Also NRC1
did not trigger elicitor-independent HR-associated cell death under these conditions
(Fig. 1C), which is in agreement with previous results obtained in N. benthamiana
(Gabriéls et al., 2007). However, NRCI is able to trigger cell death when the silencing
suppressor from Tomato Stunted Bushy Virus (TSBV) P19 (Voinnet et al., 2003) is co-
expressed (Chapter 3 and Chapter 4, this thesis) (Gabriéls et al., 2007). This suggests
that the lack of HR in N. benthamiana and tobacco in absence of P19 is likely the
consequence of a NRC1 protein accumulation level below the threshold required to
induce this response. These data show that the NB subdomain of NRC1 is responsible
for initiating signalling leading to HR-associated cell death.
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Figure 1: Identification of the signalling domain of NRC1

(A) Cartoon depicting the different domains of NRC1. CC, Coiled-Coil; NB, Nucleotide-Binding subdomain;
ARCI and ARC2, subdomains present in Apaf-1, R proteins and CED-4; LRR, Leucine-Rich Repeat domain.

(B and C) The NB subdomain is the signalling domain of NRC1. Different NRC1 domains, or combinations
thereof, (CC, CC-NB, NB, NB-ARC and LRR) C-terminally fused to eGFP, in addition to the non-tagged
full-length protein (NRC1), were transiently expressed in tobacco by agro-infiltration. Development of
HR-associated cell death was followed and pictures were taken at 8dpi. The expression of Rx-NB and GUS
were included as positive and negative control, respectively.

NRCI1-NB interacts with HSP70 in planta

Considering that transient expression of the NB subdomain of NRC1 alone triggers
cell death in the absence of a pathogenic effector (Fig. 1B), we reasoned that this
likely simulates the active state of the protein. Therefore, we set out to identify
the proteins that interact with NRC1-NB in planta, as this should provide insight
into the mechanisms by which NRC1 induces cell death upon its activation. To
this end, eGFP-fused NRC1-NB and free eGFP as a control, were transiently co-
expressed with P19 in N. benthamiana by agro-infiltration, to increase the level of
protein accumulation. To avoid the development of cell death, transient expression
was performed in fully expanded leaves of N. benthamiana, where NRC1-NB does
not trigger cell death (data not shown). At 3dpi leaf material was harvested, total
proteins were extracted under native conditions, and the expressed proteins were
subsequently immuno-precipitated with GFP-affinity agarose beads. Analysis
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of the purified proteins by SDS-PAGE and immunoblotting in combination with
silver staining revealed that both NRC1-NB-eGFP and free eGFP were successfully
expressed in planta and immuno-precipitated (Fig. 2A-B). Moreover, several proteins
were found to co-purify with NRC1-NB-eGFP, as observed by the presence of silver-
stained proteins of different molecular weight visible in the left panel of Fig. 2B.
The bands of a lower molecular weight than 50 kDa were detected by the a-GFP
antibody, which suggests that they correspond to degradation products of NRC1-
NB-eGFP (Fig. 2A), whereas higher molecular weight bands were not detected by the
a-GFP antibody (data not shown). Moreover, since these bands were not detected
with free eGFP (Fig. 2B), we reasoned these could represent true NRC1-NB in planta
interactors.

A NRC1-NB-eGFP  eGFP C  Solyc10g086410: cytoplasmic HSP70
L ad MAGKGEGPAIGIDLGTTYSCVGVWQHDRVENANDQGNRTTPSYVGFTDS
ERLIGDAAKNQVAMNPINTVFDAKRLIGRRFSDASVQSDMKLWPFKVIPG
P
a.GFP PGDKPMIVVNYKGEEKQFSAEEISSMVLIKMKEIAEAFLGTTVKNAVVTVP

AYFNDSQROATKDAGVISGLNVMRIINEPTAAAIAYGLDKKATSVGEKNVLI

NKKDITGNPRALRRLRTACERAKRTLSSTAQTTIEIDSLYEGIDFYSTITRARFE
ELNMDLFRKCMEPVEKCLRDAKMDKSTVHDVVILVGGSTRIPKVQQLLQD
— FFNGKELCKSINPDEAVAYGAAVQAAILSGEGNEKVQDLLLLDVTPLSLGLE
TAGGVMTVLIPRNTTIPTKKEQVFSTYSDNQPGVLIQVYEGERTRTRDNNL

I- FDLGGGTFDVSLLTIEEGIFEVKATAGDTHLGGEDFDNRMVNHFVQEFKRK

input
un.Gp:p- LGKFELSGIPPAPRGVPQITVCFDIDANGILNVSAEDKTTGQKNKITITNDKG

" p— . RLSKEEIEKMVQEAEKYKSEDEEHKKKVEAKNAYNMRNTIKDEKIAS
KLSADDRTKIEDAIEQAIQWLDGNQLAEAEEFEDKMKELESLCNPIIAKMY
QGAGGDMDDEGPAPSGGGAGPKIEEDLRKQQSQI

B Figure 2: Cytosolic HSP70 interacts with NRC1-NB in planta
NRC1-NB-eGFP eGFP

(A and B) Immuno-precipitation of NRC1-NB-eGFP and

free eGFP from N. benthamiana. N. benthamiana was

agro-infiltrated with binary vectors containing the CaMV
4 HSP70 35S promoter to express NRC1-NB-eGFP and free eGFP. At

3dpi leaf material was harvested, proteins were extracted
</ NRC1-NB-eGFP and eGFP- fusions were immuno-precipitated (IP) with

a-GFP-coated agarose beads. Immuno-precipitated
M5— proteins were eluted from the beads and analysed by
immunoblotting using a-GFP (A) or detected by silver
e g <l eGFP staining (B). In (A) the input samples were included
to confirm expression of the eGFP-tagged proteins.
In (B) the bait proteins (NRC1-NB-eGFP and eGFP) are present in the gel (see open arrowheads), whereas
in the left lane proteins co-purifying with NRC1-NB-eGFP are visible as individual bands.

75—t

(1

(C) Cytosolic HSP70 (Solyc10g086410) interacts with NRC1-NB in planta. The amino acid sequence of
Solyc10g086410 is presented, showing matching protein coverage after MS analyses to identify NRC1-
NB co-purifying proteins. Peptides depicted in green match more than one HSP70 isoform, whereas the
peptide depicted in red is unique to Solyc10g086410.
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To determine the identity of the co-purifying proteins we performed in-gel trypsin
digestion followed by MS. MS analysis revealed that a Heat-Shock Protein of 70
kDa (HSP70) was a major component of the purified NRC1-NB-eGFP-containing
protein complex. In four independent MS analyses, a total of nine peptides were
identified which matched to ten different HSP70 isoforms (Supplemental Table S1).
Solyc10g086410 was the only isoform that matched with all identified peptides and
its presence in the NRC1-NB-containing protein complex was further confirmed by
the identification of one unique peptide (Fig. 2C, Supplemental Table S1), indicating
that at least this particular isoform is interacting with NRC1-NB-eGFP in planta.
Therefore, all further analyses were performed with reference to the amino acid
sequence of this homolog. However, based on peptides that match the other isoforms,
we cannot exclude that these are also present within the same protein complex.
MS analyses also revealed that the large subunit of Ribulose-1, 5-BIphosphate
Carboxylase/Oxygenase (RuBisCO) and chloroplastic GlycerAldehyde-Phosphate
DeHydrogenase (GAPDH) co-purified with NRC1-NB. As these proteins were also
identified in the IP of free eGFP we reasoned they do not represent true interactors
and did not pursue them further.

To validate the interaction between NRC1-NB and HSP70, we performed co-IP
experiments in which HSP70, epitope-tagged with 10xMyc, was co-expressed in
fully expanded leaves of N. benthamiana with NRC1-NB, NRC1-CC, NRC1-LRR
and full length NRC1, all fused to eGFP. At 3dpi, proteins were again immuno-
precipitated with GFP-affinity beads and the presence of HSP70-10xMyc in the
immuno-precipitated protein complexes was evaluated by immunoblotting, using
a-Myc antibody. These co-IP experiments confirmed the interaction between NRC1-
NB and HSP70 in planta (Fig. 3A). Interestingly, neither the CC nor full length NRC1
seemed to interact with HSP70, although we did detect a faint band corresponding
to HSP70-10xMyc when NRC1-LRR was immuno-precipitated, suggesting a (weak)
interaction of the LRR domain with HSP70. Additional evidence of the interaction
between NRC1-NB-eGFP and HSP70 came from the finding that endogenous HSP70
is precipitated along with NRC1-NB, as shown by immunoblot analysis with a
polyclonal a-HSP70 antibody (Fig. 3B). In this experiment, we did also detect an
interaction between HSP70 and full length NRC1, as well as the NRC1 CC and LRR
domains (Fig. 3B), in contrast with what was observed in the co-IP experiments
with the epitope-tagged version of HSP70 (Fig. 3A). Endogenous HSP70 was not
precipitated by untagged full length NRC1, indicating that the interaction is specific
(Fig. 3B). Moreover, the NB subdomain of Rx as well as full length Rx interact with
HSP70 (Fig. 3B), suggesting this interaction is not limited to NRC1.
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Figure 3: NRC1 and HSP70 interact
in vivo

(A) NRCI-NB interacts with
transiently expressed HSP70.

(B) Different domains and the
full length NRC1"" interact with
endogenous HSP70.

(A and B) Different domains or the
full length NRC1"T were fused to
eGFP and transiently expressed
in N. benthamiana either with
HSP70  epitope-tagged  with
10xMyc (A) or alone (B). At 3dpi
proteins were extracted under
native conditions and eGFP-
fusion proteins were immuno-
precipitated with a-GFP-coated
agarose beads. Immuno-
precipitated proteins were eluted
from the beads and analysed by
immuno blotting using a-Myc (A)
or a-GFP antibody (A and B). The
asterisks (*) indicate the position
of the different eGFP-fusion
proteins.
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Virus-induced gene silencing of HSP70 causes a developmental phenotype in
N. benthamiana

Different proteins of the HSP family have been related to NB-LRR signalling,
where they most likely facilitate protein stabilization and assist in the formation of
signalling-competent protein complexes. Based on this, we hypothesized that HSP70
might be required for accumulation of the NRC1 protein and that lack of HSP70 would
result in a reduction of NRC1 protein levels, thereby causing compromised NRC1-
mediated signalling resulting in a suppressed HR. Therefore, to gain insight into the
functional relevance of the interaction between the various domains of NRC1 and
HSP70, transcript levels of HSP70 were reduced by Virus-Induced Gene Silencing
(VIGS) in N. benthamiana. A DNA fragment that comprised the last 253 nucleotides
of the coding region and the first 37 nucleotides of the 3'-UTR of Solycl10g086410,
was cloned into a Tobacco Rattle Virus (TRV) recombinant vector and the resulting
TRV-HSP70 construct was used for VIGS using seven days-old N. benthamiana
seedlings. TRV-PDS and TRV-SGT1 were included in the experiments as positive
controls to monitor the progress of silencing. Silencing of PDS (Phytoene DeSaturase)
results in photobleaching by which the plant tissue turns white (Kumagai et al.,
1995), whereas SGT1 (Suppressor of the G2 allele of SKPI) is required for the HR
mediated by several NB-LRRs, including NRC1 (Gabriéls et al., 2007). We intended
to study NRC1 (full length and single domains) protein levels and their HR signalling
capacity in HSP70-silenced plants. However, unfortunately, agro-infiltration of N.
benthamiana with TRV-HSP70 resulted in plants that were extremely hampered in
their development (Supplemental Fig. S1), making it impossible to test NRC1 protein
levels upon HSP70 silencing.

IP of full length NRC1 and identification of potential in planta interactors

Preliminary IP experiments performed on a small scale indicated that full length
NRC1 (NRC1"T) also interacts with HSP70 (Fig. 3B). Therefore, as a next step into
deciphering the events occurring down-stream of NRC1 activation, we focused
on the identification of additional proteins interacting with NRC1™”. To this end,
we transiently expressed NRC1"T and the mutant NRC1P%!V as eGFP fusions in N.
benthamiana. NRC17*8"V, which carries a single amino acid substitution in the aspartic
acid residue of the broadly conserved MHD motif, triggers elicitor-independent HR
upon its expression in N. benthamiana either with or without P19 (Gabriéls et al.,
2007). Hence, NRC1"Tand auto-active NRC1P%8!V represent the signalling-competent
and active states of NRC1, respectively. Based on this difference, we speculated that
comparing the sets of identified interacting proteins of NRC1"Tand NRC1P*!V should
give insight into the mechanism underlying NRC1 activation and/or inhibition and
possibly subsequent down-stream signalling. NRC1™*8!V was expressed in the presence
of P19 and to avoid protein degradation due to the induced cell death, leaf material
was harvested at 1dpi, before tissue collapse occurred. Because the cell death induced
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by NRC1"WTwhen co-expressed with P19 is much slower, leaf material was collected
at 3dpi to allow higher levels of protein accumulation. NRC1"T and free eGFP were
successfully expressed and immuno-precipitated (Fig. 4A and Supplemental Fig. S2).
In contrast to NRC1Y", only a very faint band at the expected height of NRC1P48V
was detected in the silver stained gel (Fig. 4A). However, no NRC1°*!V-GFP band was
observed on the a-GFP immunoblot, neither in the input sample nor in the immuno-
precipitate (Supplemental Fig. S2). Probably this is a consequence of the early
harvesting time (1dpi), in combination with a potential strong post-translational
down regulation of NRC1P*!V accumulation due to its auto-activity, as has previously
been shown for RPM1 (Gao et al., 2011). Interestingly, in this small scale experiment
various proteins co-purified with both NRCIWT and NRC1™*", but not with free
eGFP, indicative of specific binding to NRC1 (Fig. 4A). Therefore, we performed
MS analyses to determine the identity of the potential NRC1 in planta interactors.
NRC1WT, NRC1P#!V and free GFP were transiently expressed in N. benthamiana and
the immuno-precipitation protocol was up-scaled with more infiltrated leaf tissue
as described in Materials and Methods. Immuno-precipitated proteins were in-gel
digested with trypsin and the identity of the co-purifying proteins was assessed by MS.

A C

Solyc01g090430, NRC1 protein sequence

MVDVGVEFLLENLKQLVL DNVELIGGAKDEIENLRDDLSEFNAFLKQAAMVRSENPVLKELVRSIRKV

VNRAEDAVDKFVIEAKVHKDKGFKGVFDKPGHYRRVRDAAVEIKGIRDKMREIRQNKAHGLOALLO

DHODDSISRGGEERQPPVVEEDDVVGFDDEAQTVIDRLLEGSGDLEVIPVVGMPGLGKTTLATKIFKHP
KIEYEFFTRLWLYVSQSYKTRELYLNIISKFTGNTKHCRDMSEKDLALKVQEILEEGGKYLIVLDDVWST

NRC1WT

' I NRC1D481V
eGFP

e DAWDRIKIAFPKNDKGNRVLLTTRDHRVARYCNRSPHDLKFLTDEESWILLEKRAFHKAKCLPELETNG
a KSIARKCKGLPLAIVVIAGALIGKSKTIKEWEQVDQSVGEHFINRDOPNSCOKIVRMSYDVLPYDWKA

R CFLYFGTFPRGYLIPARKLIRLWIAEGFIQYRGDLSPECKAEEYLNELVNRNLVMVMQRTVDGQIKTCR

' VHDMLYEFCWQEATTEENLFHEVKFGGEQSVREVSTHRRLCIHSS VVEFISKKPSGEHVRSFLCFSPEK
F IDTPPTVSANISKAFPLLRVFDTESIKINRFCKEFFQLYHLRYIAFSFOSIKVIPKHVGELWNVQTLIVNTG

QINLDIQADILNMPRLRHLLTNTSAKLPALANPKTSKTTLVNQSLQTLSTIAPESCTEYVLSRAPNLKKLG
IRGKIAKLMEPSQSVLLNNVKRLQFLENLKLINVGQIDQTQLRLPPASIFPTKLRKLTLLDOTWLEWDDM

m SVLKQLENLQVLKLKDNAEKGENWELNDGGFPFLQVLCIERANLVSWNASGDHFPRLKHLHISCOKL

EKIPIGLADICSLQVMDLRNSTKSAAKSAREIQAKKNKLOPAKSQKFELSVFPPDSDVQTAS

B
Sample Annotation  Accession Number of Protein scor
peptides
NRCIWT  NRC1  Solyc019090430 45 2674.86
NRC1D481V  npeq Solyc01g080430 1 89.6

Figure 4: In planta transient expression and immuno-purification of NRC1"" and NRC1P#!V

(A) Immuno-purification of NRC1"" and NRC1”*!V. N. benthamiana was agro-infiltrated with binary
vectors for co-expression of NRCI1WT, NRC1P*'V and free eGFP, with P19. At 1dpi (NRCI1™®V) or 3dpi
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(NRC1YT and eGFP), leaf material was harvested and proteins were immuno-precipitated with a-GFP-
coated agarose beads. Immuno-precipitated proteins were then eluted from the beads and analysed by
SDS-PAGE followed by silver staining. Bait proteins (indicated with an asterisk) and co-purifying proteins
are observed.

(B) Number of peptides identified for the bait proteins (NRC1WT and NRCI1™®V) as revealed by mass
spectrometry. Protein score is automatically assigned to a protein based on the number and quality of
the spectra corresponding to the matching peptides. Only proteins identified with scores above 60 were
considered as interesting candidates.

(C) The amino acid sequence of NRC1"" (Solyc01g090430), with shown in red the 45 peptides derived from
the NRC1WT sample and in blue the only peptide derived from the NRC1”*!V sample.

When NRC1"™-eGFP was immuno-precipitated, a total of 45 peptides uniquely
matching to Solyc01g090430, which corresponds to NRC1 itself, were identified
(Fig. 4B). Matching peptides were scattered throughout the complete NRC1 sequence
and covered 60.2% of the protein (Fig. 4C). MS analysis of the NRC1*!'V immuno-
precipitation sample retrieved only one peptide matching the NRC1 protein (Fig. 4C),
resulting in only a 4.6% coverage. This result confirms that the amount of immuno-
precipitated NRC1P#¥!V was very low (Fig. 4A, Supplemental Fig. S2). Based on the
small scale immuno-precipitations we already concluded that HSP70 is a major
component of NRC1"T protein complexes in planta (Table 1). Interestingly, all of
the identified HSP70-derived peptides again matched to isoform Solycl0g086410,
similar to what was observed for NRC1-NB (Fig. 2C and Supplemental Table S1).
Furthermore, based on unique matching peptides, the presence of additional
HSP70 isoforms could be confirmed, namely Solyc01g099660, Solyc03g082920,
Solyc05g055160, Solyc06g076020 and Solyc09g010630 (Supplemental Table S2),
indicating that different isoforms are able to bind to NRC1. Moreover, a and
B-tubulin as well as a translation elongation factor and a protein chaperone (DNAJ)
were also detected in our analysis of the co-purifying proteins of NRC1WT (Table 1).
Importantly, none of the above-mentioned co-purifying proteins were identified in
the free eGFP control.

On the other hand, a broad set of proteins appeared to be immuno-precipitated in
the NRC1P#!V sample, amongst which several dynamin homologs had the highest
scores (Table 1). Furthermore, an a- and p-glucosidase were detected, amongst other
proteins. Once again, none of these proteins were detected in the free eGFP control,
which would suggest that they immuno-precipitate due to their specific interaction
with NRC1™8V, However, this is very unlikely considering that the yield of the
NRC1P#" purification was extremely low (see above, Figure 4).

Moreover, the observation that more proteins would be co-purified with NRC1P#8!V
than with NRC1"T and that these proteins were not identified in the NRC1"T sample
is also remarkable. Overall, this result probably indicates that the co-purification
of dynamins and other proteins in the NRC1™*!Vsample is the consequence of non-
specific binding to the agarose beads and/or tubes, despite the finding that they are
not identified in the free eGFP control. A plausible explanation for this discrepancy
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is that the HR induced upon expression of NRC1P#!V is accompanied with massive
changes in the cellular proteome, that could result in the relative accumulation of
these proteins in this sample but not in the free eGFP control. To test this hypothesis,
we repeated the experiment including a new control consisting of the co-expression
of untagged NRC1”*®'Vand free eGFP in N. benthamiana. This control was intended
to induce a cellular proteome in the free eGFP sample that was similar to the one
where eGFP-tagged NRC1™*!V was expressed. When the above hypothesis were true,
we expected to detect the same potentially non-specific proteins in the sample with
untagged NRC1P#!V 4 eGFP as in the sample with tagged NRC12*8!V (Table 1). Thus,
assuming that the proteins co-purifying with NRC1P*!V-eGFP, NRC1”*!V 4+ eGFP or
eGFP alone are non-specific, we were able to filter out the peptides derived from these
samples from the peptide list of the NRC1"T sample. Consequently, the remaining hits
were considered as potential true NRC1%Tin planta interactors. Table 2 shows the
proteins that fulfilled these criteria. Besides HSP70, a peroxidase (Solyc04g071900),
a methyl pectinesterase (Solyc03g123630), DNAJ (Solucl1g006460) and (B-tubulin
(Solyc04g081490) were also identified as potential NRC1"T interactors (Table 2).
Future interaction studies should reveal whether these are indeed true NRCIW?*
interactors.

Table 1: MS analysis reveals a different set of proteins co-purifying with NRC1"“"and NRC1P*!V
NRC1"T-eGFP, NRC1P*"V-eGFP and free eGFP were transiently expressed in N. benthamiana by agro-
infiltration in the presence of P19. At 1dpi (NRC1”*8!V-eGFP) or 3dpi (NRC1""-eGFP and free eGFP), leaf
material was harvested and proteins were immuno-purified with a-GFP-coated agarose beads. Immuno-
precipitated proteins were eluted from the beads and analysed by MS to determine the identity of co-
purifying proteins. Only proteins that were identified either in the samples obtained from transiently
expressed NRC1"T-eGFP or NRC1P*'V-eGFP with a score higher than 100 are shown. (U) indicates unique
peptides. Protein score is automatically assigned to a protein based on the number and quality of the
spectra corresponding to the matching peptides. Only proteins identified with scores above 60 were
considered as interesting candidates.

Annotation Accession pl:;gg:: ((.g) Protein score
NRC1WT
HSP70 Solyc10g086410 23 (2) 793.98
Translation elongation factor Solyc03g112150 8(2) 555.81
Tubulin beta-1 chain Solyc04g081490 3(2) 391.38
Chaperone DnaJ Solyc05g055160 5(1) 295.69
Tubulin alpha-3 chain Solyc04g077020 4 (0) 242.3
NRC1P#8V
Dynamin-2A Solyc11g039650 14 (9) 720.34
Dynamin like protein Solyc01g088510 10 (4) 604.99
ATP synthase subunit beta chloroplastic ~ Solyc01g007320 8 (5) 511.45
H+ATPase Solyc06g071100 5(2) 437.86
Dynamin 2 Solyc01g095970 7 (6) 420.72

42



Molecular handshakes - on the search for NRC1-interacting proteins

Beta-D-glucosidase Solycl1g071640 6 (4) 271.98
Tetratricopeptide containing protein Solyc01g086750 4 (4) 210.53
Chaperone protein htpG Solyc04g081570 3(3) 190.89
Peroxidase Solyc04g07190 2(2) 135.63
Alpha-glucosidase Solyc05g009470 3(1) 132.71

Table 2: Identity of proteins potentially interacting with NRC1“" in planta

NRC1""-eGFE, NRC1P*!V-eGFP, non-tagged NRC1*!V + eGFP, and free eGFP were transiently expressed
in N. benthamiana by agro-infiltration. At 1dpi (NRC1”*®V-eGFP and NRC1”*!V + eGFP) or 3dpi (NRC1"'-
eGFP and free eGFP), leaf material was harvested and proteins were immuno-purified with a-GFP-coated
agarose beads. Immuno-precipitated proteins were eluted from the beads and analysed by MS to determine
the identity of co-purifying proteins. The list of potential in planta interactors of NRC1"T was generated
by only considering proteins co-purifying with NRC1""-eGFP and not with the samples NRC1>*!V-eGFP,
NRC1P#!V + eGFP and/or eGFP alone. Only proteins that were identified with a score higher than 100 are
shown. (U) indicates unique peptides. Protein score is automatically assigned to a protein based on the
number and quality of the spectra corresponding to the matching peptides. Only proteins identified with
scores above 60 were considered as interesting candidates.

Annotation Number of peptides (U) Protein score

Peroxidase 9(7) 446.7
HSP70 7 (0) 386.5
a-tubulin 6 (0) 327.9
Pectin methylesterase 4 (1) 218.2
DNAJ 5(3) 211.3
Actin 4(0) 179.4
B-tubulin 3(1) 174.4
268 proteasome subunit 4 5 (5) 166.1
Histone 3 4 (0) 101.6
Discussion

NB-LRR proteins take position at the centre of plant innate immunity. Upon detecting
the presence of race-specific effectors of intruding pathogens they are capable of
inducing a set of defence responses that generally includes a plant-specific type of
Programmed Cell Death (PCD). This PCD, known as the Hypersensitive Response
(HR), is an active process thought to limit the proliferation of biothrophic pathogens
in the host tissues. The general consensus is that the HR is required for resistance
as this phenotype generally accompanies NB-LRR activation. However, there is
evidence that NB-LRRs can also mediate resistance in the absence of cell death
(Bendahmane et al., 1995; Yu et al., 1998; Clough et al., 2000; Bonardi et al., 2011).
Being at the foundation of the plant immune system, understanding the signalling
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cascades activated by NB-LRRs is not only of great interest from an academic point
of view, but also of high importance for possible applications in breeding programs.
In this respect, not only NB-LRRs themselves could be exploited to improve the
resistance of plants to pathogens, but also their interactors and auxiliary proteins.

This study was aimed at the identification of proteins interacting with NRCI1, a
tomato NB-LRR involved in down-stream signalling, as an approach to unravel the
events occurring after activation of down-stream signalling NB-LRRs. By means of
in planta immuno-precipitation (IP) assays and MS analyses, we identified HSP70 as
an interactor of both the NB subdomain of NRC1, as well as of full length NRC1 (Fig.
2, Table 1 and Table 2). Co-IP assays with Myc-tagged HSP70 further confirmed the
interaction with NRC1-NB but failed to detect it for NRC1"T and for the individual
CC and LRR domains (Fig. 3A). However, by employing an a-HSP70 antibody we
found that endogenous HSP70 not only associates with NRC1-NB and NRCI1"T (the
latter was confirmed by MS), but also with the CC and LRR domains of NRC1 (Fig.
3B). Lack of interaction between HSP70-Myc and the above-mentioned NRC1-eGFP
variants might be associated to the detection sensitivity of the a-Myc antibody.
Alternatively, the lack of interaction could be a consequence of competition with
endogenous HSP70, a phenomena that is possibly only detected when the interaction
with HSP70 is weak.

Cytoplasmic HSP70s form a highly conserved protein family amongst prokaryotes
and eukaryotes and belong to the group of molecular chaperones (Young et al., 2003).
In this function, HSP70s are involved in cellular processes related to protein folding,
post-translational modifications and stability, primarily through the binding of
non-native polypeptides in an ATP-dependent manner (Brodsky and Chiosis, 2006).
Another well characterized chaperone family are the HRSP90s, which bind to already
folded proteins and mediate the formation and activation of protein complexes
(Pratt and Toft, 2003; Young et al., 2003). Previous studies have already reported
the participation of the cellular heat-shock protein machinery in plant immunity
(Shirasu, 2009), a function that in turn depends on the participation of the co-
chaperones SGT1 and RARI (Required for MLA12 Resistance). In planta interactions
between HSP90, RAR1 and SGT1 and their impact on NB-LRR-mediated resistance
have been demonstrated in Arabidopsis (TakahaShi et al., 2003; Hubert et al., 2009)
as well as in tobacco (Liu et al., 2002). Based on experiments that showed reduced
NB-LRR protein stability upon disruption of SGT1 or RAR1 function, the current
model proposes that these co-chaperones control NB-LRR steady-state protein
levels, likely by assisting the chaperones HSP70 and HSP90 in their protein folding
activity (Austin et al., 2002; Azevedo et al., 2002; Bieri et al., 2004). Indeed, HSP70
interacts in Arabidopsis with both SGT1 paralogs (SGTla and SGT1b) (Noé€l et al.,
2007) and an interaction was also detected for human SGT1 and HSP70 (Spiechowicz
et al., 2007). These findings lead to the hypothesis that SGT1 functions as a scaffold
protein, capable of linking the activities of HSP90 and HSP70 through the channelling
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of client proteins from one chaperone to the other (Stuttmann et al., 2008).

The requirement of HSP70 for INFl-mediated HR and non-host resistance to
Pseudomonas chicorii in N. benthamiana (Kanzaki et al., 2003) also argues in favor
of a link between HSP70 function and defence signalling. Moreover, Arabidopsis
lines stably over-expressing one HSP70 isoform (HSC70-1) were compromised in
RPM1-dependent resistance to avirulent Pseudomonas syringae pv. tomato (Pst)
DC3000 expressing the effector AvrRpm1, as well as in their basal defence to the
virulent isolates of Hyaloperonospora parasitica Noco2 and Cala2 and to virulent
Pst DC3000, suggesting that an optimal level of HSP70 activity is required for both
effective R protein-mediated and basal resistance (Noél et al., 2007). Interestingly,
RPM1 protein levels were not affected in these HSP70-overexpressing lines, which
lead the authors to propose that HSP70 likely does not participate in immune
signalling by regulating NB-LRRs steady-state levels (Noél et al., 2007). van Ooijen
et al (2010), on the other hand, reported that the HSP20 chaperone RSI2 (Required
for Stability of I-2) is required for I-2-mediated HR and I-2 protein stability in
N. benthamiana. However, HSP20 is an ATP-independent chaperone and likely
functions in a mechanism different from that of the ATP-dependent chaperones. We
observed that NRC1 and HSP70 co-exist in the same protein complex in planta,
suggesting a modulation of NRC1 protein levels by HSP70 and thereby affecting
its activity. Silencing of HSP70, intended at addressing the biological relevance
of the interaction between NRC1 and HSP70, could not be carried out due to the
developmental phenotype of the silenced plants (Supplementary Fig. S1), similarly to
what was previously reported in Arabidopsis (Sung and Guy, 2003; Noél et al., 2007).
When these experiments were performed the genome of N. benthamiana had not
yet been sequenced and we used the tomato coding region of Solyc10g086410 in our
VIGS experiments. However, this sequence likely targets multiple HSP70 paralogs,
resulting in the strong developmental phenotype. The recent availability of the
genome sequence of N. benthamiana (Bombarely et al., 2012) opens the possibility to
target the various HSP70 paralogs individually and address the role of the individual
HSP70s in NRC1 protein stability and/or signalling.

Experiments aimed at determining the identity of the signalling domain of NB-LRRs
revealed that the N-terminal region is capable of triggering elicitor-independent
cell death, for both CNLs (Collier et al., 2011; Maekawa et al., 2011) and TNLs
(Peart et al., 2002; Bernoux et al., 2011). However, from the potato CNL Rx the
NB subdomain (instead of the CC) triggers elicitor-independent cell death upon its
transient expression in tobacco and N. benthamiana (Rairdan et al., 2008). This
suggests that the minimal region capable of inducing cell death is not universal
amongst the various NB-LRRs. In agreement with the situation observed for Rx, the
signalling domain of NRC1 is also the NB subdomain (Fig. 1B). All the other NRC1
domains accumulated in planta to similar levels (Fig. 3), suggesting that the lack
of an HR is not due to impaired stability of these domains upon their individual
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expression. Since the NB subdomain is the signalling moiety of NRC1, we decided
to use it as a bait for the identification of endogenous interactors. We made this
choice not only because these associated proteins might be involved in regulating
the activity of NRC1 but also because they could be very conserved interactors,
considering that the NB is amongst the most highly conserved regions within NB-
LRRs. We found that HSP70 interacts not only with the NB domain of NRC1 but also
with that of Rx (Fig. 3B). Therefore, the binding of HSP70 could be a specific feature
for NB-subdomains that have a direct role in signalling. However, as mentioned
before, further experiments are required to uncover the biological relevance of this
interaction.

Parallel to NRC1-NB, we also searched for interactors of full-length NRC1 in planta.
Therefore, we performed immuno-precipitations of NRC1%", as well as of an auto-
active mutant of the NB-LRR (NRC1™V) that triggers elicitor-independent death
cell upon its transient expression in N. benthamiana (Gabriéls et al., 2007). Only
one peptide matching to this mutant was identified upon analysis of the immuno-
precipitated proteins by MS, and we observed that the in planta expression levels
of this protein were extremely low (Fig. 4A and Supplemental Fig. S2). Nonetheless,
several potential NRC1P*!V co-purifying proteins were identified that were not
detected in the free eGFP control, arguing against the possibility that these proteins
bind aspecifically to the beads or the eGFP tag (Table 1). However, MS analysis on
an additional negative control, in which untagged NRC1>*!V was co-expressed with
free eGFP, indicate that most of these proteins are likely co-purified aspecifically.
In this control defence signalling leading to cell death is induced by the untagged
NRC1P% hut only free eGFP, as negative control, is immuno-precipitated. This
analysis suggests that transient expression of NRC1°*!V probably induces massive
changes in the cellular proteome that do not occur upon expression of free eGFP or
NRC1"7, thereby inducing the accumulation of proteins that aspecifically bind to the
agarose beads and/or eGFP. These results call for extreme care when analysing MS
data obtained from the transient expression and immuno-precipitation of signalling
proteins, especially in those cases where over-expression leads to a strong cellular
reprogramming. Likely due to the post-translational control under which NB-
LRRs appear to be, in order to prevent auto-activation of defence, the expression
and immuno-precipitation of full-length NB-LRRs in quantities sufficiently high
to allow MS analyses remains a big challenge in the field of plant pathology. To
our knowledge there is no report on a direct MS-based identification of in planta-
interacting partners of full-length NB-LRRs. Various gain-of-function mutants with
a less strong auto-activity as compared to the MHD mutant have been identified
for other NB-LRRs (Bendahmane et al., 2002; Tameling et al., 2002; van Ooijen
et al., 2008). These mutations are interesting because they could result into an
activated state of NRC1 without causing post-translational down-regulation that
seems to occur at a large scale with NRC1P*!V (Fig 3A). Therefore, such mutants
may allow activated NRC1 to accumulate to higher levels enabling successful
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immuno-precipitation and subsequent MS analysis. In a similar approach, the
characterization of proteins specifically interacting with loss-of-function mutants
of NRC1, representing the inactive state, could also shed light onto the molecular
mechanism of NB-LRR signalling. Moreover, identification of gain-of-function NB-
LRR mutants that do cause auto-activation of defence signalling without triggering
a fast HR, will be very useful for NB-LRR proteomics. Finally, we propose that an
integrated approach, combining biochemical (proteomics), mutational and genetic
experiments is likely the best strategy to study the molecular mechanism of NB-LRR
signalling.

Materials and Methods

Plant material and growth conditions

Wild-type N. benthamiana were grown in climate chambers under 16 hrs light at
25°C and 8 hrs dark at 21°C and 75% relative humidity. Wild-type Nicotiana tabacum
cv. SR1 plants were grown in the greenhouse under 16hrs of light at 21°C and 8hrs
of dark at 21°C and 75% relative humidity.

Plasmid construction

The CC-, CC-NB-, NB-, NB-ARC- and LRR-encoding sequences of NRCI were
amplified from SOL2120 (pENTR/D-TOPO-NRCIl-stop), cloned into pENTR/D-
TOPO (Invitrogen) following the manufacturer’s instructions and sequenced. The
eGFP C-terminal fusions of the various domains were obtained by performing an
LR reaction with Gateway LR Clonase II (Invitrogen) to the binary destination
vector SOL2095 (pBINKS-35S-GWY-eGFP-tNOS) containing the CaMV 35S promoter
(Liebrand et al., 2012). The binary vector pBIN61-Rx-NB-eGFP (Rairdan et al.,
2008), to which an HemAgglutinin (HA) was added on the C-terminal of the eGFP
tag, was used for expression of Rx-NB. Moreover, construction of pBIN*-GFP-Rx is
described elsewhere (Slootweg et al., 2010).

To clone Solycl0g086410 (HSP70), the mRNA was amplified from
tomato (cv MoneyMaker) c¢DNA using the specific primers Do52 (5'-
CACCCATATGATGGCCGGCAAGGGAGAAGGACCGGCGATCGG-3') and Dob53 (5'-
GGATCCAGTCCACCTCCTCAATCTTAGGACCAGCACC-3'). The PCR product was
cloned into pENTR/D-TOPO (Invitrogen) following the manufacturer’s instructions
to obtain SOL1626, after which the construct was sequenced. For HSP70-10xMyc,
SOL1626 was recombined into the binary Gateway-destination vector SOL2750
(pGWB20-35S-GWY-10Myc-tNOS) containing the CaMV 35S promoter (Nakagawa et
al., 2007).

For Virus-induced Gene Silencing (VIGS) experiments, a 290 bp fragment
of Solycl0g086410, was amplified from tomato cDNA with primers Do54
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(5'-TCTAGAtgagaagattgcatccaaactgtccgetg-3’) (Xbal site in upper case) and Dob55
(5'-CCCGGGcaggtatctaataaaaaacaatataggaaccac-3') (Xmal site in upper case).
The fragment was cloned into Zero Blunt TOPO PCR (Invitrogen), sequenced and
subcloned into Xbal/Xmal-linearized pTRV-RNAZ2 (pyl156) (Liu et al., 2002).

In all cases, positive clones were verified by digestion and transformed into
Agrobacterium tumefaciens strain C58Cl containing helper plasmid pCH32
(Hamilton, 1997).

Transient expression in N. tabacum and HR assays

Binary constructs were expressed in leaves of four-week-old N. tabacum (tobacco)
cv. SR1 plants by agro-infiltration, as adapted from van der Hoorn et al. (2000)
(Tameling et al., 2010). For HR assays in tobacco, the binary constructs were agro-
infiltrated at an OD,, = 2 and pictures were taken at 8dpi.

In planta immuno-precipitation assays, in-gel tryptic digestion and MS analyses

For protein production, binary vectors were co-expressed in N. benthamiana with
the viral silencing suppressor P19 from Tomato Bushy Stunt Virus (TBSV) (Voinnet
et al., 2003) in a 1:1 ratio and at a total OD_, = 2. To perform large scale immuno-
precipitations (IPs) of NRC1-NB-eGFP, NRC1"T-eGFP, NRC1>*!"V-eGFP and free eGFP,
leaf material was harvested at 3dpi for NRC1-NB-eGFP, NRC1"T-eGFP and free eGFP
and at 1dpi for NRC1P*!V-eGFP. Proteins were extracted under native conditions by
grinding 5g of fresh weight of leaf material in liquid nitrogen. Frozen tissue powder
was added to 12.5 mL of extraction buffer (256 mM Tris-HCl pH 7.5, 125 mM NacCl, 10%
glycerol, 5 mM dithiothreitol [DTT], 0.1% Nonidet P-40), supplemented with protease
inhibitor cocktail (complete, EDTA-free, Roche) and 2% polyvinylpolypirrolidone
(Moffett et al., 2002). The extract was centrifuged at 14000 rpm for 30 minutes at
4°C and subsequently incubated head-over-head with 80 ul of GFP-TrapA agarose
beads (Chromotek) for 1 hr at 4°C, to immuno-precipitate the GFP-fused proteins.
Beads were washed five times with 10 mL of extraction buffer and the precipitated
proteins were eluted from the beads by boiling in 50 ul of 1x Gel Loading Buffer
(GLB) and 10% of the sample was analysed by resolving the proteins in a 9% SDS-
PAGE gel and subsequent silver staining according to Tameling et al., (2007), to
confirm successful IP. The remainder of the eluate was loaded in one slot of a pre-
casted gel (uni-kD, Bio-Rad) and run shortly. The gel was then stained by submerging
in a solution containing 0.2% Coomassie Brilliant Blue R250 in 50% methanol and
2% acetic acid in water for 1 hr, destained in 50% methanol and 2% acetic acid
in water and washed in 1% acetic acid in water for 30 minutes. Subsequently, the
protein bands were excised form the gel and tryptic in-gel digestion was performed
according to Shevchenko et al. (1996) with some modifications. Briefly, before in-
gel digestion a step of reductive alkylation was included. Gel pieces were covered
with 100 mM DTT in 100 mM ammonium bicarbonate, and incubated at 56°C for

48



Molecular handshakes - on the search for NRC1-interacting proteins

1 hr, after which the solution was replaced by 55 mM iodoacetamide in 100 mM
ammonium bicarbonate. The tubes were kept in the dark for 45 minutes, after which
the gel pieces were washed for ten minutes with 50-100 uL of 100 mM NH,CHCO,.
Gel pieces were subsequently dehydrated in 50% acetonitrile (ACN) in water, the
liquid phase was removed and gel pieces were rehydrated again by covering with 100
mM NH,CHCO,. This last step was repeated once more and gel pieces were finally
subjected to in-gel tryptic digestion (Shevchenko et al., 1996). For MS analyses, dried
peptides were dissolved in 6-8 uL of 50% ACN, 2% trifluoroacetic acid (TFA) and MS/
MS spectra were obtained with a QTof1 (Waters, Manchester, UK). Data acquisition
and database search were performed as described in (Brighenti et al., 2008). All
identifications were above the calculated threshold of MASCOT, which was around
a score of 60 for these settings.

To analyse the presence of endogenous HSP70 in NRC1-containing protein complexes
by immunoblotting, eGFP-fused proteins were purified as explained above. The
precipitated proteins were eluted from the beads by boiling in 1xGLB and resolved
in a 9% SDS-PAGE gel, followed by blotting and immuno detection with polyclonal
a-HSP70 antibody raised against spinach HSP70 (ADI-SPA-817, Enzo Life Sciences),
with a-mouse-HRP (AmerSHam) as a secondary antibody.

In planta co-immuno-precipitation assays

To test for interaction between NRC1W?, or the different single domains of NRCI,
with HSP70, NRC1"T or the different single domains, all fused to eGFP, were
transiently co-expressed with the silencing suppressor P19 (Voinnet et al., 2003)
and HSP70-10xMyc in N. benthamiana by agro-infiltration (OD,,,=0.6 for each
construct). At 3dpi, leaf material was harvested and proteins were extracted under
native conditions by grinding 1 g of leaf fresh weight in liquid nitrogen. Frozen tissue
powder was added to 2.5 mL of extraction buffer and subsequently centrifuged at
14000 rpm for 10 minutes at 4°C. Proteins were with 20 uL of GFP-TrapA agarose
beads (Chromotek) for 1 hr at 4°C to immuno-precipitated eGFP-tagged proteins. The
beads were washed five times with 1 mL of extraction buffer as described and the
precipitated proteins were eluted from the beads by boiling in 1xGLB and resolved
in a 9% SDS-PAGE gel, followed by blotting and immuno detection with either a-GFP
antibody coupled to HRP (MACS Antibodies) or a-Myc antibody (cMyc 9E10, Santa
Cruz) with a-mouse-HRP (Amersham) as a secondary antibody.

VIGS in N. benthamiana

VIGS was performed in N. benthamiana using pTRV-RNA1l and pTRV-RNA2 as
described by Liu et al. (2002). Ten-days-old N. benthamiana seedlings were agro-
infiltrated with a combination of pTRV-RNA1 and pTRV-RNA2-derived vectors as
described in Gabriels et al. (2007). Apart from a VIGS construct for HSP70 (SOL1630),
pPTRV-SGT1 (Peart et al., 2002), pTRV-PDS (Gabriéls et al., 2007) and pTRV-GUS
(Tameling and Baulcombe, 2007), were included in the VIGS experiment.
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Supplementary information

Supplemental Figure S1: Virus-induced gene silencing (VIGS) of HSP70 results in a developmental
phenotype in N. benthamiana

Ten-days-old N. benthamiana seedlings were agro-infiltrated with a combination of pTRV-RNAI and
pTRV-HSP70 for silencing of HPS70 and pictures were taken three weeks later.

NRC1WT. NRC1D481V.
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Supplemental Figure S2: In planta transient expression and
immuno-purification of NRC1"" and NRC1P*!V

N. benthamiana was agro-infiltrated with binary vectors for co-
expression of NRC1WT and NRC1™*"Vwith P19. At 1dpi (NRC1P481V)
or 3dpi (NRCIW") leaf material was harvested, protein were
extracted under native conditions extracted (Input) and immuno-
purified with a-GFP-coated agarose beads. Immuno-precipitated
(IP) proteins were eluted from the beads and analysed by
immune-blotting using «-GFP antibody. Samples were also
analysed by silver staining (see Figure 4). Low molecular bands
(below 25 kDa) likely represent degradation products.
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A mutation in the nucleotide-binding domain of a tomato
down-stream signalling NB-LRR affects defence-induced
changes in oligomerization
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The tree of life
I think that | shall never see
a thing so awesome as the Tree
that links us all in paths of genes
down into depths of time unseen;
Whose many branches spreading wide
house wondrous creatures of the tide,
ocean deep and mountain tall,
darkened cave and waterfall.
Among the branches we may find
creatures there of every kind,
from microbe small to redwood vast,
from fungus slow to cheetah fast.
As glaciers move, strikes asteroid
a branch may vanish in the void:
at Permian’s end and Tertiary’s door,
the Tree was shaken to its core.
The leaves that fall are trapped in time

beneath cold sheets of sand and lime;
but new leaves sprout as mountains rise,
breathing life anew ‘neath future skies.
On one branch the leaves burst forth:
a jointed limb of firework growth.
with inordinate fondness for splitting lines,
armored beetles formed myriad kinds.
Wandering there among the leaves,
in awe of variants Time conceived,
we ponder the shape of branching fates,
and elusive origins of their traits.
Three billion years the Tree has grown
from replicators’ first seed sown
to branches rich with progeny:
the wonder of phylogeny.

David R. Maddison
Syst Biol. 2013 January; 62(1): 179



CHAPTER 3

Abstract

Plant disease Resistance (R) proteins confer immunity to pathogens possessing the
corresponding avirulence (Avr) proteins. Activation of R proteins is often associated
with the induction of the Hypersensitive Response (HR), a form of programmed cell
death. NRC1 (NB-LRR required for HR-associated Cell death-1) is an NB-LRR from
tomato that participates in the defence signalling cascade down-stream of different
classes of R proteins. Silencing with the tomato NRCI construct in Nicotiana
benthamiana diminishes the HR triggered by various R/Avr combinations, as well
as the R protein-mediated resistance to fungal pathogens in tomato. We conducted
a TILLING (Targeting Induced Local Lesions In Genomes) analysis of an EMS-
mutagenised tomato population of which the NRCI region coding for the NB-ARC
domain and the first four LRRs was sequenced in a high-throughput fashion. This
approach yielded three loss-of-function mutations that caused a reduction in the
HR-signalling activity of NRC1. However, they did not compromise Vel-mediated
resistance to Verticillium dahliae in tomato. Co-immuno-precipitation experiments
demonstrated that NRC1 self-associates in planta in its pre-activation state and that
the oligomer is disrupted upon induction of effector-triggered immunity. Moreover,
one of the mutants exerts a dominant-negative effect on the defence signalling
activity of wild-type NRC1 and shows a compromised disruption of the mixed
oligomer upon activation. Our results confirm that NRC1 plays a role in effector-
triggered immunity and that disruption of the NRC1 oligomer is required for the
activation of defence signalling.
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Introduction

Throughout their life, plants encounter various organisms; some of which are
pathogenic and can therefore cause disease. As disease is detrimental and has a
negative impact on reproductive fitness, plants have evolved mechanisms to detect
pathogens and defend themselves against pathogen attack. The current idea on how
the plant immune system functions, as originally proposed by Jones and Dangl (2006)
under the name “zigzag model”, states that plants possess two layers of induced
defence; the first layer is triggered by conserved Microbe-Associated Molecular
Patterns (MAMPs), whereas the second layer is activated upon the recognition of
race-specific virulence proteins or so-called effectors of a pathogen. The first layer,
referred to as MAMP-Triggered Immunity (MTI), results in the arrest of colonization
of plant tissues by non-adapted pathogens and relies on the recognition of MAMPs
by cell surface receptors termed Pattern Recognition Receptors (PRRs). Effector-
Triggered Immunity (ETI) comes into the game when pathogens circumvent the
first induced defence layer, for example by producing effectors that supress or
overcome MTI. Some of these effectors are recognised by plant immune receptors
named Resistance (R) proteins to trigger ETI. This process eventually results in
resistant plants (Jones and Dangl, 2006). However, in an evolutionary perspective it
is conceivable that in response to ETI, pathogens will either lose recognised effectors
or will evolve effectors that in their turn block the ETI response, causing the battle
to go on. Even though the “zigzag” model, illustrating this battle between plants
and pathogens, is widely accepted within the plant pathology research community,
recent evidence suggests that the boundaries between MTI and ETI are not always
clear (de Jonge et al., 2010; Thomma et al., 2011).

Broad-spectrum resistance can be defined as the ability of a single plant species
to resist infection by two or more pathogen species or is resistant to the majority
of different races of the same pathogen (Kou and Wang, 2010). In this regard, MTI
could be considered as a broad-spectrum resistance response. However, MTI is
not effective against host-adapted pathogens and therefore a broad-spectrum
resistance that relies on ETI to stop these pathogens is desirable. Although generally
very effective in arresting pathogen proliferation, ETI is a pathogen race- and
host genotype-specific type of immunity. This means that a specific R protein is
only present in particular plant genotypes or accessions and provides resistance
only against a specific race of a pathogen. Therefore, considering that plants are
exposed to a plethora of pathogens, the question addressing how plants are able to
successfully cope with such a variety of attackers, remains. Of equal importance
is how we can actually exploit this extremely efficient defence mechanism to halt
devastating pathogen out-breaks that often occur in the field. Stable over-expression
of plant immune receptors can successfully lead to broad-spectrum resistance by
inducing a constitutive defence response (Oldroyd and Staskawicz, 1998; Tang et
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al., 1999; Wang et al., 2013). However, constitutive defence is often detrimental to
plant development and fitness. Alternatively, the transfer of immune receptors from
one plant species to the other can broaden the resistance spectrum of a certain plant
species (Lacombe et al., 2010; Fradin et al., 2011; Maekawa et al., 2012). Together
this provides evidence that the plant immune system can be manipulated due to
obvious conservation of defence signalling pathways. With this in mind, it should
be possible to generate plants with defence mechanisms that combines the broad-
spectrum characteristics of MTI and the efficiency of ETL.

The largest class of R proteins comprises the Nucleotide-Binding, Leucine-Rich
Repeat (NB-LRR) proteins. NB-LRRs are intracellular immune receptors capable
of binding nucleotides, either ATP or ADP, which modulates their activation state
(Tameling et al., 2002; Tameling et al., 2006; Maekawa et al., 2011; Williams et
al., 2011). In NB-LRRs, nucleotide binding occurs through the NB-ARC domain
(Tameling et al., 2002; Williams et al., 2011). This central domain consists of three
subunits, namely the NB (nucleotide binding), ARC1 and ARC2 (shared between the
proteins Apaf-1, R proteins and CED-4) (van der Biezen and Jones, 1998; Takken
et al., 2006). Moreover, based on their N-terminal domain they can be classified
into two main subgroups: CC-NB-LRRs (CNLs) containing a coiled-coil domain and
TIR-NB-LRRs (TNLs), having an N-terminal domain with homology to the Toll/
interleukin-1 receptor (Meyers et al., 1999). Finally, the C-terminal part of NB-LRRs
consists of a variable number of LRRs (Leucine-Rich Repeats). This domain may
participate in elicitor recognition (Rairdan and Moffett, 2006; Brunner et al., 2010;
Qi et al., 2012; Ravensdale et al., 2012), as well as in auto-inhibition, in order to
avoid activation of defence responses in the absence of a pathogen (Moffett et al.,
2002; Hwang&Williamson, 2003; Ade et al., 2007).

According to the current model, the ADP-bound conformation is the “off” state of
NB-LRRs, whereas the ATP-bound conformation represents the “on” state (Takken
and Tameling, 2009; Takken and Goverse, 2012). Upon pathogen ingress, effector
recognition by the NB-LRR (either directly or indirectly) drives an increase in the
amount of the ATP-bound form of the protein, which activates a signalling cascade
that generally culminates in the Hypersensitive Response (HR), a form of Programmed
Cell Death (PCD). Most of the data supporting this model come from the observation
that point mutations in various highly conserved motifs of NB-LRRs involved in
nucleotide binding and/or hydrolysis result in versions of the protein that trigger
an elicitor-independent HR upon its transient expression in Nicotiana benthamiana
(Bendahmane et al., 2002; Tameling et al., 2006; Ade et al., 2007; Kawano et al.,
2010; Kawano et al., 2010; Du et al., 2012). Furthermore, such mutants constitutively
activate defence responses when stably expressed in Arabidopsis thaliana (Eitas et
al., 2008; Gao et al., 2011; Zhang et al., 2003; Roberts et al., 2013). These mutants
are known as gain-of-function or auto-active, and generally contain substitutions in
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amino acid positions that are highly conserved in the NB-ARC domain of NB-LRRs
(de la Fuente van Bentem et al., 2005; Tameling et al., 2006; Gabriéls et al., 2007;
van Ooijen et al., 2008; Maekawa et al., 2011; Williams et al., 2011). On the contrary,
loss-of-function mutants usually result in a “signalling-dead” NB-LRR incapable of
triggering an HR. Mutations that impair nucleotide binding usually result in such
loss-of-function mutants (Bendahmane et al., 2002; Gabriéls et al., 2007; Tameling
and Baulcombe, 2007; Williams et al., 2011). Furthermore, compelling evidence
strongly points to self-association as a central event in the signalling by some NB-
LRRs (Mestre and Baulcombe, 2006; Ade et al., 2007; Gutierrez et al., 2010; Bernoux
et al., 2011; Maekawa et al., 2011).

Recent reports describe that particular NB-LRRs can also function as “helper”
proteins in immune signalling. This is based on the observation that, although they
are not directly involved in effector recognition, they assist other NB-LRRs (or
R proteins in general) in the down-stream signal transduction leading to HR and
disease resistance. Examples of such “helper” NB-LRRs are the CNLs N-Requirement
Gene 1 (NRG1), required for N-mediated resistance to Tobacco Mosaic Virus (TMV)
in tobacco (Peart et al., 2005) and ADR1-12 (Activated Disease Resistance 1- like 2)
(Grant et al., 2003). The latter is involved in MTI, RPM1- and RPS2-mediated ETI
and basal defence of susceptible plants (Bonardi et al., 2011). Remarkably, these
functions are independent of the nucleotide binding capacity of ADR1-L2 (Bonardi et
al., 2011). These findings suggest that due to their “helper” function, some NB-LRRs
act as signalling hubs into which distinct signal transduction pathways converge
to eventually activate resistance. Due to their promiscuity, such NB-LRRs are very
attractive candidates to be exploited in breeding programs in the attempt to generate
broad-spectrum resistance to pathogens.

We previously reported the identification of tomato NRC1 (NB-LRR Required for
hypersensitive response-associated Cell death-1), an NB-LRR required for resistance
to the fungal pathogens Cladosporium fulvum and Verticillium dahliae mediated
by the immune receptors Cf-4 and Vel, respectively (Gabriéls et al., 2007; Fradin
et al.,, 2009). Moreover, NRC1 is also involved in the down-stream signalling
cascade leading to HR in N. benthamiana, activated by several intracellular (Rx,
1-2, Mi-1 and Prf/Pto) and extracellular (Cf-4, Cf-9) R proteins (Gabriéls et al., 2007).
Therefore, by assisting such a wide range of immune receptors, NRC1 likely acts
as a central signalling switch in the tomato immune response. On this basis, we
reasoned that enhancing the intrinsic signalling capacity of this protein has the
potential to generate broad-spectrum resistance to different pathogens in tomato.
By performing a high-throughput next generation sequencing-based screening on
a mutagenized tomato population, we aimed at the identification of mutant NRCI
alleles encoding a protein that displays higher levels of signalling activity than the
wild-type NRCI protein and thereby putatively mediate broad-spectrum resistance.
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Here, we report the identification of three tomato lines carrying mutations in the
NRCI gene that negatively affect the HR-signalling activity of the encoded protein,
but do not alter the capacity of NRC1 to mediate resistance to V. dahliae in tomato.
Moreover, the finding that one of the mutations has a dominant-negative effect on
the HR-signalling activity of NRCI incited us to examine protein self-association
as a requirement for NRC1-mediated signalling. Indeed, our results suggest that, as
was found for other NB-LRRs, NRC1 has the capacity to constitutively self-associate
in planta. However, unlike what has been reported for NB-LRRs so far, the NRC1
oligomer is disrupted upon the activation of defence signalling.

Results

Sequencing oftheregion encoding the NB-ARC domain of NRC1 in amutagenized
tomato population

In an attempt to identify in planta mutations that affect NRC1 signalling activity,
we decided to follow a TILLING (Targeting Induced Local Lesions In Genomes)
approach, combining an Ethyl MethaneSulfonate (EMS)-mutagenized tomato
population, as described in Menda et al. (2004), and high-throughput sequencing
technology. Genomic DNA was extracted from each individual of the M2 (second
generation of mutated plants) population and 454-based massive parallel sequencing
was performed as described in Materials and Methods. In total, we screened 15,040
mutant individuals, corresponding to five segregating M2 tomato plants belonging
to 3008 M2 families. We limited the high-throughput sequencing and hence the
search for mutations in NRCI to the region coding for the central NB-ARC domain
and first four LRRs, because almost all auto-active mutations have been found in
these regions in other NB-LRRs (Tameling et al., 2006; Bendahmane et al., 2002;
van Ooijen et al., 2008). This region chosen for mutational screening (NRC1-NB-ARC
plus first four LRRs) was subdivided into two amplicons for efficient sequencing.
Amplicon number 1 (741 bp) encompassed the coding sequence for the NB and ARC1
subdomains whereas amplicon number 2 (767 bp) contained the coding sequence for
the ARC2 subdomain and the first four LRRs (Fig. 1A).

Sequencing of both amplicons identified a total of six mutations, from which two
corresponded to missense mutations (G460A and G830A) resulting in the amino
acid substitutions E154K and R277H, respectively (Fig. 1A). As expected from EMS
mutagenesis, both identified mutations were transitions, from cytosine/guanidine
to adenine/thymine (CG - AT). A deeper sequencing analysis, searching not only for
EMS-associated nucleotide substitutions but for any kind of substitution revealed
the presence of one additional mutation, namely A774G, causing the amino acid
substitution E258G. Moreover, we only observed missense mutations in the NB
subdomain of NRCI.
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Figure 1: High-throughput sequencing of the region of NRCI encoding the NB-ARC domain and first four
N-terminal LRRs in an EMS-mutagenized tomato population, reveals three mutations in its NB subdomain
(A) Schematic representation of the NB-ARC domain and first four LRRs of NRC1 depicting highly conserved
motifs (left). On the right the positions of the identified nucleotide mutations and resulting amino acid
substitutions are indicated. The NB-ARC domain, with the first four LRRs of NRC1, was subdivided into
two amplicons and sequenced in each individual plant of an EMS-mutagenised tomato population by
means of 454-sequencing technology.

(B) Alignment of NRC1 and NB-LRRs from different plant species to illustrate the degree of conservation of
the motifs in which the mutations in NRC1 were identified. The amino acid sequences of NRC1 and other
selected NB-LRRs were aligned with ClustalW. Only the part of the alignment in which the mutations were
identified in the NRC1 sequence is included. Highly conserved motifs are underlined in blue, mutations
known to cause auto-activity in other NB-LRRs are depicted in blue and the newly identified mutations
are shown in green.

As already mentioned, this subdomain is characterized by the presence of motifs that
are highly conserved in NB-LRRs of different plant species. Several of these motifs
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contain residues proven or predicted to be required for nucleotide binding. None of
the mutations identified were located in any of these motifs, although they did localise
very close to two of them. As depicted in an alignment of the amino acid sequences of
various NB-LRRs from different plant species (Fig. 1B), the E154K mutation is situated
two amino acid positions upstream of the hhGREXE motif, which is involved in the
positioning of the adenine base of the bound ATP or ADP (Meyers et al., 1999; Takken
et al., 2006). The E258G and R277H mutations, on the other hand, are situated five and
seven amino acid positions up and down-stream of the Walker B motif, respectively.
This motif contains two highly conserved adjacent aspartic acid (D) residues of which
the second (D268 in NRC1) has been shown to be involved in ATP hydrolysis by the
CNL I-2 (Tameling et al., 2006). Finally, analysis of the alignment of NRC1 with other
NB-LRRs (belonging to the CNL and TNL class) also revealed that the mutated residues
themselves were not highly conserved within the NB-LRR protein family. Only the
glutamic acid (E) at position 154 in NRC1 was conserved in I-2, Rx and RPM1.

A 3D model of the ADP-bound state of the NB-ARC domain of NRC1

To date, no crystal structure of the NB-ARC domain of a plant NB-LRR has been
reported. However, the crystal structures of two proteins closely related to plant
NB-LRRs have been resolved (Riedl et al., 2005; Yan et al., 2005). Apaf-1 (Apoptotic
Protease pre-Activating Factor 1) and CED-4 (Caenorhabditis elegans Death-4) are
proteins from mammals and C. elegans respectively, which are involved in PCD. The
NB-ARC domain of NRC1 contains 357 amino acid residues (from amino acid position
151 to 508 in the full-length sequence) and this portion of the protein was used for
structural 3D modelling. Both sequence homology and automated fold recognition
software returned human Apaf-1 as the most reliable template in the 3D databases.
Despite of the low sequence identity (23%), the similarity is substantial (42%) and both
the secondary structure prediction and the position of the conserved motifs match
to those in Apaf-1. The NB, ARCI and ARC2 subdomains of Apaf-1 are also called the
o/B-fold, helical domain I and winged-helix domain, respectively (Riedl et al., 2005).
The final model generated for NRC1-NB-ARC deviates within only 3A from the Apaf-
1 template and retains the overall three subunit fold of the corresponding NB-ARC
of Apaf-1 during in silico stability test simulations (Fig. 2A). All conserved motifs
of the NB-ARC and the nucleotide-binding pocket are present in the NRC1-NB-ARC
model. In addition, we could also identify amino acids required for nucleotide (ATP
or ADP) binding and hydrolysis in the active site (Fig. 2A). Importantly, since Apaf-1
in the crystal was bound to ADP, the structure represents the closed, auto-inhibited
conformation of the protein (Riedl et al., 2005). Due to the near perfect match, it is
likely that our NRC1-NB-ARC 3D model also represents the conformation of the NB-
ARC domain in the ADP-bound state of NRC1.

We then studied the identified mutations in the context of the 3D model of the
NRCI-NB-ARC (Fig. 2A). As mentioned before, the three mutated residues localize
strictly within the NB subdomain and showed a rather high degree of accessibility.
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In addition, the mutated residues are charged and hydrophilic; overall suggesting
affinity for ligands rather than for solvent. In summary, based on their position and
chemical nature, the E154K, E258G and R277H mutations are at the surface of the
NB subdomain of NRC1 and are not likely to affect either the overall structure of the
protein or its ADP-binding capacity. However, they could very well have an impact on
the interaction of the NRC1-NB-ARC with other domains of NRC1, thereby possibly
indirectly influencing the nucleotide-bound status of the protein due to the intimate
interplay of these domains. Alternatively, the mutations could have an effect on the
ability of NRC1 to interact with signalling partners.

Figure 2: Model of the 3D structure of the ADP-bound state of the NB-ARC domain of NRC1

(A) Ribbon cartoon depicting a model of the 3D structure of NRC1-NB-ARC. The amino acid residues 160
to 443 from the NRCI full-length protein were modelled for its 3D structure, based on the crystal structure
of Apaf-1 as described in Materials and Methods. Blue, conserved motifs of the NB-ARC; brown, amino
acids directly involved in nucleotide binding; red, positions of E154, E258 and R277 amino acid residues;
pink, ADP molecule. Side chains of important residues are depicted as sticks.

(B) Panels showing close-ups of the positions of the identified mutations. ADE, bound ADP molecule; D268,
the invariant aspartic acid residue in the Walker B motif of the NB subdomain.
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Mutations E154K, E258G and R277H negatively affect the activity of NRC1

To determine whether the identified mutations cause elicitor-independent cell death
(gain-of- function mutations) or have a negative impact on the activity of NRC1
(loss-of-function mutations) we introduced them individually in the region encoding
the full-length NRC1 protein in our plant expression vector containing the CaMV
35S promoter. In order to properly discriminate between gain- and loss-of-function
mutations, the mutations were introduced into the NRC1"WTand NRC1P*!V expression
constructs and the mutant proteins were transiently expressed in N. benthamiana by
Agrobacterium-mediated transformation. NRC1P%¥!V carries a point mutation in the
aspartic acid residue of the MHD motif, which is highly conserved in NB-LRRs. This
mutation is known in both NRC1 and other proteins of this family to cause elicitor-
independent cell death (Bendahmane et al., 2002; Tameling et al., 2006; Gabriéls et
al., 2007; Gao et al., 2011; Roberts et al., 2013). NRC1"7, on the other hand, does not
cause cell death when transiently expressed in N. benthamiana. To overcome this,
and obtain a clear cell death phenotype, NRC1"Tand NRCI single mutants were co-
expressed with the silencing suppressor P19 from Tomato Bushy Stunt Virus (TBSV)
(Voinnet et al., 2003). This silencing suppressor increases the expression levels of the
gene of interest, through inhibition of the plant RNA silencing machinery. Because
of this phenomenon, the amount of NRC1"" protein that accumulates rises above
the minimal signalling initiation threshold to trigger elicitor-independent cell death
within 3 days post-infiltration (dpi) (Fig. 3A, upper panel, right leaf halves). This was
not the case for NRC15!%#% NRC12%%¢and NRC1%?"7, as their expression in the presence
of P19 did not cause an HR (Fig. 3A, upper panel, left leaf halves). This suggests that
all of the three single mutations negatively affect the cell death-inducing activity of
NRC1 and the mutants were therefore classified as loss-of-function mutants.

When transiently expressing the previously reported gain-of-function mutant
NRC1P%YW in N. benthamiana, the first symptoms of an HR where detectable
at 1 dpi without the need of co-expression of P19 (Fig. 3A, lower panel; picture
taken at 3 dpi, right leaf halves). In contrast to what we observed for the E154K
and R277H single mutants (introduced in the NRC1%T background, Fig. 3A upper
panel), NRC1E54P481V agnd NRC1 R277HP481V double mutants retained their capacity
to trigger cell death, similar to NRC1™!V itself. However, NRC1528¢P481V did not
induce an HR, suggesting that the E258G mutation has an epistatic effect over
the D481V mutation. Alternatively, the combination of both mutations renders
the NRC1 protein unstable, thereby explaining the lack of HR-inducing activity of
NRC1E2586D481V YWith this in mind, we fused all NRC1 variants to eGFP (enhanced
green fluorescent protein) to analyse their accumulation and stability. We also
tested NRC1¥9'R a previously reported loss-of-function mutant of NRC1 (Gabriéls
et al., 2007). Substitution of this highly conserved lysine residue in the P-loop
motif has been shown to abolish nucleotide binding, resulting in a signalling-dead
mutant protein (Tameling et al., 2002; Tameling et al., 2006; Williams et al., 2011).
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Figure 3: E154K, E258G and R277H are loss-of-function mutations in NRC1

(A) The three identified mutations in the NB-ARC domain of NRC1 are loss-of-function mutations in the
wild-type (WT) background of the protein and are not epistatic over the D481V gain-of-function mutation.
The three mutations, E154K, E258G and R277H, were independently introduced in either the WT
background of NRC1 (upper panel) or in the auto-active (NRC17#'V) background (lower panel), as depicted
in the cartoon on the left. In the left halves of the leaf, the mutant proteins were transiently expressed
with (upper panel) or without (lower panel) the silencing suppressor P19. In the right halves of the leaf,
either NRC1"T (upper panel) or NRC1”*6!V (lower panel) were included as control. Note that NRC1"T does not
induce an HR without co-expression of P19. Pictures were taken at 3 dpi.

(B) All mutant proteins, except for NRC1E2%6¢2481V are stably expressed in N. benthamiana. All NRC1
variants were C-terminally fused to eGFP and transiently expressed in N. benthamiana by Agrobacterium-
mediated transformation. At 3 dpi, leaves were harvested and the eGFP-fused proteins were immuno-
precipitated with a-GFP-coated agarose beads. Immuno-precipitated proteins were eluted from the beads,

separated on SDS gels and analysed by western blotting using a-GFP.

The eGFP-fused proteins were transiently co-expressed with P19 in N. benthamiana
and at 3 dpi, leaf material was harvested for protein extraction under native
conditions. Due to the low accumulation levels of the NRC1"T protein an immuno-
precipitation (IP) with a-GFP-agarose beads was performed in all cases to increase
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the concentration of the expressed proteins. NRC1WT, NRC1E%#X NRCI1E%8 and
NRC1%77% could already be detected in the total protein extract (input of the IP),
whereas NRC1¥'9'R NRC1E54¥D48IV gand NRC1R277HD8IV ywere only detected after their
IP (Fig. 3B). This confirms that all mutant proteins are stable, except for NRC1%E2%8¢
D48V as for this mutant no protein could be detected (Fig. 3B). Together this clearly
indicates that the loss-of-function phenotype of most of the mutants (except for
NRC1E2%86D481Y) ig due to an effect on the signalling activity of NRC1 and is not
caused by a decreased stability of the protein. Finally, although the expression of
NRC1P' was performed under control of the constitutive 35S promoter, attempts
to immuno-precipitate and detect expression of this mutant were not successful
(data not shown, see Chapter 2). Probably, this auto-active version of NRC1 is under
strict post-translational regulation, preventing the NRC1%#®!V protein to accumulate
to levels that allow detection on immunoblots. We can therefore conclude that the
mutations E154K, E258G and R277H suppress the signalling activity of NRC1"7,
implying that the replaced residues are important for proper functioning of the
NRC1 protein.

Mutation E154K has a dominant-negative effect on the HR signalling activity
of NRCI™™

Above we reported the effect of the E154K, E258G and R277H mutations on the
activity of NRC1""in cis. As a next step in the characterization of these mutations,
we studied their influence on NRC1"T activity in trans. To this end, NRC1"T was
transiently co-expressed in N. benthamiana with P19 and each of the mutants or
GUS as a negative control (Fig. 4A), and the development of an HR was monitored.
We also examined the production of polyphenolic compounds, which is a hallmark
of the HR, by clearing the leaves from their chlorophyll in ethanol. This offers a
way to detect subtle differences in HR strengths, as compared to merely looking at
macroscopic cell death and tissue collapse. We anticipated that if any of the mutants
would affect the activity of NRC1W"in trans, then both the HR and the production of
polyphenolic compounds should be reduced as compared to co-expression of NRC1"W?*
with GUS. At 3 dpi, a clear HR was observed when NRC1""was co-expressed with
either GUS or the mutants NRC1%%%¢ and NRC1%¥7H, denoting that these mutants,
despite of being loss-of-function in cis, do not exert a negative effect on the
activity of NRC1""in trans (Fig. 4B). In accordance with this, the accumulation of
polyphenolic compounds also appeared equal when co-expressing NRC1"T with the
aforementioned mutants or GUS. Remarkably, both the macroscopic cell death and
the production of polyphenolic compounds normally induced by NRC1"T were visibly
reduced upon its co-expression with NRC1E'%* (Fig. 4B). This finding demonstrates
that mutation E154K is acting in a dominant-negative manner, since it negatively
affects the activity of NRC1"T not only in cis but also in trans. In conclusion, we
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have identified three new residues important for the HR- signalling activity of
NRC1. Based on the finding that the mutations behave differently with respect to
their effect in cis and in trans, we propose that they likely interfere with the activity
of NRC1"Tin different ways.

A

NRCIMUT  NRCAWT \ . / NRCAWT
B

NRC1YT NRC1YT NRC1WT NRC1Y NRC1™T NRC1WT
+ +

+

+ + +

NRC1E194K GUS NRC15%%¢  gus NRC1R#7™H GUS

Ethanol destained

Figure 4: NRC1®'**¥ js a dominant-negative mutant.

(A) Cartoon illustrating the experimental design. NRC1"" was transiently co-expressed in N. benthamiana
by Agrobacterium-mediated transformation, either with each of the three NRC1 mutants or with GUS.
(B) NRC1E**¢ reduces the HR-inducing activity of NRC1"" when co-expressed in trans. Proteins were co-

expressed as explained in (A) and development of an HR was monitored over time. Pictures were taken at
3 dpi and leaves were cleared with 70% ethanol to better visualise cell death.
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Mutation E154K likely blocks the NRC1 oligomer in a signalling-impaired state

Homo-dimerization, either as a pre- or post-activation event, is an emerging feature
in NB-LRR signalling. A number of NB-LRR proteins have been shown to self-
associate in higher order molecular complexes (Mestre and Baulcombe, 2006; Ade et
al., 2007; Gutierrez et al., 2010; Bernoux et al., 2011; Maekawa et al., 2011). In the
light of these findings, we interpreted the above-mentioned result which identify
NRCI1E5#€ a5 a dominant-negative mutant in trans, as a possible indication for
NRC1 self-association. If indeed NRC1 forms oligomers, then the mutation E154K
might lock the NRC1 oligomer in a signalling-incompetent state. We therefore first
investigated whether NRC1 forms oligomers in planta. In addition, since NRC1
acts down-stream of the Cf-4/Avr4 recognition event (Gabriéls et al., 2007), we
also examined NRCI1 self-association upon activation of the Cf-4/Avr4-triggered
signalling cascade as a proxy to study its self-association pre- and post-activation.
To this end, we employed transgenic N. benthamiana:Cf-4 stably expressing the Cf-4
resistance gene from tomato (Gabriéls et al., 2006), to transiently co-express NRC1W?T
fused to the Myc epitope tag with P19 and either NRC1"Titself or any of the single
mutants fused to eGFP. At 2 dpi, the Cf-4/Avr4 signalling pathway was activated by
transiently expressing Avr4 and, as a negative control GUS, instead of Avr4, was co-
expressed. Finally, 24 hrs later (before cell death symptoms became apparent) leaf
material was harvested and NRC1 self-association was tested by co-IP assays using
a-GFP-coated agarose beads.

Interestingly, we observed that NRC1"" indeed forms an oligomer in planta before
defence activation, as NRC1Y™-Myc was co-immuno-precipitated by NRCIW'-
eGFP, without the requirement of Cf-4/Avr4-triggered induction of defence (Fig. 5).
Surprisingly, when the Cf-4 signalling cascade was activated by transient expression
of Avr4, the amount of NRC1"™-Myc that was co-immuno-precipitated by NRC1W'-
eGFP was clearly reduced (Fig. 5). Importantly, this is not due to degradation of
NRC1"WT-Myc since it is detected in the input sample at amounts similar to the
experiment where no cell death is induced. Therefore, these results suggest that
NRCI is likely present as an oligomer in its pre-activation state, which is disrupted
when NRC1 is activated, in this case is upon recognition of Avr4 by the matching
Cf-4 resistance protein.

We also examined the behaviour of the NRC1W™-NRC1*5**mixed oligomer. Taking into
consideration that NRC1"T oligomers are disrupted when Cf-4-dependent defence
signalling is induced and that the E154K mutation is acting dominant-negative,
we tested the possibility that the NRC1 proteins in the NRC1W'™-NRC1E'"*** mixed
oligomer show a reduced dissociation upon defence activation. Indeed, when Cf-4/
Avr4-mediated defence signalling was induced, NRC1"™-Myc was still efficiently co-
immuno-precipitated by NRC1%*%-eGFP, which suggests that the mixed oligomer
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was not disrupted or at least not to the same extent as the NRC1"" oligomer upon
defence activation (Fig. 5). In conclusion, NRC1 self-associates in the pre-activated
state and dissociates after defence activation in planta. Therefore, disruption of the
oligomer occurs as a post-activation event. Additionally, by examining the behaviour
of NRC1WT-NRC1E%** mixed oligomers before and after defence activation, we have
provided a plausible explanation for the dominant-negative effect of the E154K
mutation in trans on the signalling activity of NRC1™W7,

WT Figure 5: NRC1E!*** compromises disruption of an NRC1
NRCH1 -Myc oligomer upon activation of the Cf-4/Avr4-triggered HR.

NRCI™T forms an oligomer, which is disrupted upon
activation of the Cf-4/Avr4-induced signalling cascade
+ " + = HR leading to the HR. NRCIW™-Myc was transiently co-
expressed in N. benthamiana:Cf-4, with either NRC1"W'-
St St Bt | 0-Myc  eGFP or NRCI1E5*-eGFP by Agrobacterium-mediated
transformation. Two days later, defence signalling was
induced by expression of C. fulvum Avr4 (+), whereas
— s e | a-GFP  expression of GUS was included as a negative control
(-). After 24 hrs leaves were harvested, proteins were

NRC1WT.egrp NRC1E154K ecFp

=

extracted under native conditions and eGFP  fusions
S P e W—| o WeTe immuno-precipitated using agarose beads coupled
with a-GFP antibody. Co- immuno-precipitated proteins
(IP) were analysed by immuno-blotting using either anti-
-_— == | a-GFP GFP or anti-Myc antibody. The input shows the total
amount of the various, transiently expressed proteins.

Input

Tomato plants carrying an NRCI loss-of-function mutation are not
compromised in their resistance to V. dahliae

Having determined that the EMS-induced mutations identified by TILLING, E154K,
E258G and R277H, impair the ability of NRC1 to trigger the HR, next their effect
in the resistance of tomato to pathogens was examined. We have previously shown
that NRC1 is required for resistance of tomato to C. fulvum and the soil-borne fungal
pathogen V. dahliae (Gabriéls et al., 2007; Fradin et al., 2009). The tomato cultivar
(M82) that was used to generate the EMS mutant population is resistant to race 1
of V. dahliae as it contains the Vel immune receptor. Therefore, we could test the
tomato plants carrying the mutations in NRC1 for compromised resistance to this
vascular pathogen. Per mutant a total of 12 M3 plants, homozygous for the mutation,
were root-inoculated with a suspension of fungal spores or treated with water as a
negative control. Two weeks later, plants were phenotypically screened for symptom
development. Tomato cultivars Motelle and MoneyMaker were included as controls
for resistance and susceptibility to V. dahliae, respectively. Susceptibility of tomato
to V. dahliae is expressed mainly by plant stunting, meaning a reduction in plant
height and canopy area (Fradin et al., 2009). Indeed, MoneyMaker plants showed
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a clear reduction in height and total canopy area two weeks after inoculation with
V. dahliae, a phenotype that was not observed in the water-treated plants. Cultivar
Motelle (carrying Vel), on the other hand, displayed no symptom development upon
inoculation with the pathogen (Fig. 6A and B). Similar to the resistant cultivar, none
of the NRC1 mutants showed signs of compromised resistance, as in all cases spore-
inoculated and water-treated plants looked equally healthy. This finding therefore
suggests that despite the fact that the introduced mutations suppress the capacity of
NRC1 to induce cell death, they do not show an impact on NRC1-mediated resistance
to V. dahliae. Possibly, an NRC1-dependent signalling pathway leading to HR might
branch off from the one leading to resistance to V. dahliae, at the point of NRC1
itself. Another explanation is that perhaps additional NRC1 homologs might have a
redundant function.

V. dahliae

>
2
=]
g

Susceptible

NRC1E258G NRC1E154K Resistant

NRC1R277TH

top view side view
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Figure 6: The mutations E154K, E258G and R277H in NRC1 do not compromise resistance of tomato
carrying Vel to V. dahliae

(A) Tomato plants carrying Vel that are impaired in NRC1-HR signalling activity remain resistant to V.
dahliae. M82 tomato, homozygous for the single EMS-induced mutations E154K, E258G and R277H and
carrying Vel were root-inoculated with spores of V. dahliae or treated with water. Two weeks later, plants
were photographed from the side and the top and phenotypically assessed for compromised resistance
to the fungal pathogen. Tomato cultivars MoneyMaker (susceptible) and Motelle (resistant, carrying
Vel) were included as controls. For all mutant lines and controls, twelve plants were used, of which six
were root-inoculated with V. dahliae and six were treated with water. Pictures show the phenotype of a
representative plant from each line and treatment.

(B) Inoculation of the tomato NRC1E'%4X, NRC1%%58¢ gnd NRCI1**7" mutant lines with V. dahliae does not
cause a reduction in either plant height or canopy area. Plant height and canopy area were determined for
each individual plant, including the controls, as described in Materials and Methods. For each plant line,
parameters are plotted as absolute values and error bars represent differences between individual plants.
Different letters indicate significant differences with at a=0.05 as determined by a one-way ANOVA
analysis.

The NRC1 gene family in tomato and other Solanaceous species

Virus-Induced Gene Silencing (VIGS) proved that NRC1 is required for resistance of
Vel-carrying tomato to V. dahliae (Fradin et al., 2009). However, as shown above,
Vel tomato plants carrying an NRC1 loss-of-function mutation are not compromised
in the resistance to this pathogen. As mentioned above, the mutations in NRC1 could
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have a specific effect on the cell death signalling pathway, without affecting the
fungal resistance pathway. However, the observed discrepancy can also be explained
if NRC1 belongs to a gene family in tomato. When there is functional redundancy
amongst the different family members, this will account for the absence of a
susceptibility phenotype in the NRC1 mutant plants. When NRC1 was discovered, it
was reported to be a single copy gene, based on DNA gel blot analysis (Gabriéls et al.,
2007). However, the recent availability of the sequenced tomato genome offered us the
possibility to mine for potential NRC1 homologs encoded by the tomato genome. We
used the NRC1 protein sequence to perform a BLASTp search against the translated
full genome of tomato in the SOL Genomics Network database (Mueller et al., 2005),
and retrieved protein sequences with an amino acid identity from 40%, up to 70%
(Supplemental Fig. S1). Interestingly, the relatively high homology was wide-spread
throughout the entire NRC1 sequence and not just restricted to the more highly
conserved regions generally present in NB-LRRs, suggesting these can be considered
as true NRC1 homologs in tomato. The highest amino acid sequence identity (67.8%)
corresponded to a protein encoded on chromosome 10. This is clearly the closest
homolog of NRCI in tomato and we therefore decided to name this gene NRC2.
Based on their sequence homology, we cannot exclude the possibility that functional
gene redundancy is occurring between NRCI and NRC2. If NRCZ2 is redundant, this
explains why tomato plants carrying a loss-of-function mutation in NRCI are still
resistant to V. dahliae, as a functional wild-type copy of NRC2 is still present.

We were also interested in studying the existence of possible NRCI orthologs in
other Solanaceous species. For this, we used the NRC1 protein sequence from tomato
to perform a BLASTp search against the translated potato genome and the translated
draft genome sequence of N. benthamiana (SOL Genomics Network) (Mueller et al.,
2005; Bombarely et al., 2012). The most closely related sequences from the three
species were retrieved and aligned and a phylogenetic tree was constructed. As
depicted in Fig. 7, we found two NRCI orthologs in potato (Sotub01g029620 and
Sotub01g029230), located in tandem on chromosome 1, similar to tomato NRCI.
Interestingly, we did not identify an obvious NRCI ortholog in N. benthamiana,
despite the fact that it has been shown that tomato NRCI is functional in this plant
species and that VIGS employing an insert derived from tomato NRCI compromises
the HR induced by different classes of R proteins in N. benthamiana (Gabriéls et al.,
2007). On the other hand, we found two potential NRC2 orthologs in N. benthamiana
but none in potato, implying a separation of the NRCI gene family within the
Solanaceae. Furthermore, for the additional NRCI-likes identified in tomato (Fig. 7),
we did not find orthologs in N. benthamiana and potato.
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Figure 7: The NRCI and NRCI-like gene family of tomato, potato and N. benthamiana

NRCI is a member of a gene family present also in other Solanaceous species. The NRC1 protein sequence
was used to perform a BLASTp search against the translated tomato, potato and draft N. benthamiana
genomes. Retrieved sequences were aligned and used to construct a phylogenetic tree as described in
Materials and Methods. Protein sequences from the NB-LRRs Mi-1 and I-2 from tomato, Rx from potato
and NRGI1 from N. benthamiana were included in the alignment as out-groups. Tomato homologs are
shown in green, potato orthologs in orange and the orthologs from N. benthamiana are depicted in purple.

Discussion

NRCI1 is a signalling hub for different plant immune receptors (Gabriéls et al., 2007)
and enhancing the signalling capacity of this protein has the potential to generate
broad-spectrum resistance to different pathogens. Therefore, we aimed at the
identification of mutant NRCI1 alleles that cause higher levels of signalling activity
of the encoded protein (gain-of-function) and thereby putatively mediate broad-
spectrum resistance. Our approach, based on the principle of TILLING, combined
an EMS-mutagenised tomato population (Menda et al., 2004) and high-throughput
sequencing technology (Rigola et al., 2009). The direct amplification and sequencing
of the region of NRCI encoding the NB-ARC domain and the first four LRRs from
15,040 M2 individuals allowed us to identify three missense mutations that lead
to the amino acid substitutions E154K, E258G and R277H, which are all located in
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the NB subdomain of the NRC1 protein (Fig. 1). Using the same methodology and
tomato population, Rigola et al (2009) identified two mutations upon sequencing
of an amplicon of 254 bp of the gene encoding the eukaryotic translation initiation
factor 4E (SleIF4E). Overall, this represents a four times higher mutation density per
kb in that gene than what we found for NRCI.

Several reports have shown that mutations in NB-LRR proteins can cause constitutive
activation of defence responses and, in some cases, cause detrimental developmental
phenotypes (Tang et al., 1999; Noutoshi et al., 2005; Gao et al., 2011; Tang et al., 2011;
Gou and Hua, 2012). An interesting example is ADR1-L2, a CNL from Arabidopsis
that, similar to NRC1, promotes ETI down-stream of several R proteins. ADR1-L2
is also involved in MAMP-triggered immunity (MTI) and basal resistance (Grant et
al., 2003; Bonardi et al., 2011). Stable ectopic expression (under control of its own
promoter) of ADR1-L2P84V a mutant in the aspartic residue of the MHD motif that
causes elicitor-independent HR, showed constitutive defence activation and a typical
dwarfing phenotype (Roberts et al., 2013). Mutations in this highly conserved MHD
motif have earlier been shown to have a strong effect on the signalling activity of
NB-LRRs, as revealed by an extensive mutational analysis focussed specifically on
the MHD motif of tomato I-2 (van Ooijen et al., 2008). In addition, several gain-of-
function mutations that only cause a mild HR have also been described (Tameling
et al., 2002; Bendahmane et al., 2002; van Ooijen et al., 2008). It is expected that
such mild mutations would not cause a dwarfing phenotype when stably expressed
in plants. We aimed for the identification of such milder mutations in NRCI, as
these mutant alleles could potentially be implemented in breeding programs aimed
at generating broad-spectrum resistance. However, as revealed by the functional
analysis of the three TILLING mutants that were identified (Figs. 3 and 4), we only
found loss-of-function mutations, possibly reflecting the stringent cellular control
that immune receptors are subjected to. Hence, a possible explanation for our
observations is that plants carrying NRC1 gain-of-function mutants, generated by
the treatment with EMS, are not viable.

Tornero et al. (2002) performed a mutational screen on the Arabidopsis NB-LRR
resistance protein RPMI1 (Resistance to Pseudomonas syringae pv. Maculicola 1)
and reported the identification of 95 mutants compromised in their ability to trigger
an HR upon co-expression with the matching effector, AvrRpm1. Furthermore, the
RPM1-mediated resistance response when challenged with avirulent Pseudomonas
syringae pv. tomato, expressing AvrRpm1, was also suppressed in these mutants. In
comparison with the other domains of RPM]1, its NB-ARC was clearly enriched in
mutations and rather than in a particular motif, mutations were scattered throughout
the domain (Tornero et al., 2002). Similarly, the mutations that we identified in
NRC1 were located close to highly conserved motifs of the NB subdomain, but not
in the motifs themselves. A few additional extensive random mutational screens on
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NB-LRRs have been performed, either by performing EMS-induced mutagenesis in
Arabidopsis (Axtell et al., 2001), or by the introduction of mutations through error-
prone PCR gene amplification in the potato NB-LRR Rx (Bendahmane et al., 2002).
Despite of being performed on a considerable scale, none of the above-mentioned
screens reported loss-of-function mutations corresponding to the positions in the
coding region that we found, suggesting that these particular mutations specifically
affect the activity of NRC1. However, it should be noted that different from the
above-mentioned studies, we first identified the mutations by sequencing the
amplicons of interest and then tested their effect on the activity of NRC1. This might
have allowed us to detect mild loss-of-function mutations that would have been
missed if we had carried out our screen by directly assessing the HR phenotype.

The identified loss-of-function mutations affect NRC1-dependent HR but not
NRCI1-mediated resistance

As mentioned above, mutations in RPM1 that suppressed effector-induced HR
also resulted in compromised resistance to avirulent bacteria expressing AvrRpm1
(Tornero et al., 2002), depicting a clear correlation between the loss of HR and
compromised resistance. An interesting finding in our case was that, although NRC1
is required for Vel-mediated resistance to V. dahliae (Fradin et al., 2009), Vel tomato
plants homozygous for the mutant alleles of NRC1 were still resistant to the fungus
(Fig. 6) and therefore did not show a positive correlation with the compromised
HR phenotype (Fig. 3). Functional gene redundancy could be an explanation for
this discrepancy and indeed mining of the tomato genome revealed the existence
of several NRC1 homologs (Fig. 7), some of which are located in tandem as was
previously reported for other NB-LRRs (Li et al., 2001; Zhang et al., 2003; Jupe et
al., 2012). Based on nucleotide sequence alignment of the various NRCI homologs,
we anticipate that the inserts used for VIGS of NRCI in tomato by Gabriéls et al.
(2007) and (Fradin et al., 2009) very likely also target NRCZ2 as well, in addition
to other NRCI-related sequences. An additional experiment in which only NRCI
was silenced by specifically targeting its 3'-UTR region confirmed that silencing
of NRCI alone is indeed sufficient to compromise resistance to C. fulvum (Gabriéls
et al., 2007). However, this is not clear for V. dahliae resistance, as this particular
VIGS assay has not been performed by Fradin et al., (2009). Furthermore, specific
silencing of NRC2 only has never been performed and therefore we cannot assure
that this homolog is also involved in the resistance response against these fungal
pathogens. As depicted in Fig. 7, the genome of N. benthamiana codes for several
potential NRC2 orthologs, whereas a true ortholog of tomato NRC1 appears to lack
in the draft genome of N. benthamiana. This finding could explain the fact that
various experimental approaches that have been undertaken to clone the NRCI gene
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from N. benthamiana were unsuccessful (Vossen and Abd-El-Haliem, unpublished
data). Nonetheless, the sequence similarity between the coding regions of tomato
NRCI and N. benthamiana NRC2 is sufficiently high for N. benthamiana NRC2 to be
targeted by the VIGS fragment derived from tomato NRCI. Therefore, it is possible
that in N. benthamiana NRC2, and not NRCI, is involved in the HR triggered by
several intracellular and extracellular R proteins (Gabriéls et al., 2007). It should be
noted though, that the genome of N. benthamiana has only recently been released
(Bombarely et al., 2012). Therefore, completion is yet needed to properly address
whether N. benthamiana possesses a true NRC1 tomato ortholog. Specific silencing
of NRC1 in tomato, through a VIGS fragment targeting its 3'-UTR, caused a reduction
of the Cf-4/Avr4 induced HR, clearly indicating that NRC1 is required for both the HR
and resistance to C. fulvum. These findings indicate that likely different members of
the NRCI gene family are important for defence in at least two Solanaceous species.

If NRC1-dependent HR and resistance triggered by immune receptors would be
based on two independent pathways that branch off at the level of NRC1 itself,
mutations could arise that only affect the HR-inducing activity but not the resistance
response. Moreover, if resistance to, for instance, V. dahliae does not depend on cell
death, a mutant plant not capable of triggering an NRC1-dependent HR could still
be resistant to the fungus. Rx is an NB-LRR from potato that confers resistance to
Potato Virus X (PVX) in the absence of cell death (Bendahmane et al., 1995; Kang
et al., 2005). In addition, actual requirement of the HR for resistance to V. dahliae
in tomato has not been proven and whether NRC1 participates in Vel-mediated
resistance to V. dahliae through the activation of an HR pathway therefore remains
elusive. Another possible explanation for the plants still being resistant to V. dahliae,
is that the identified mutations are too mild to cause a detectable compromised
resistance, especially considering that the presence of additional functional NRCI
homologs could mask the phenotype due to gene redundancy.

Changes in protein oligomerization as an emerging issue in NB-LRR functioning

The finding that the E154K mutation acts in a dominant-negative way on the activity
of NRC1%¥Tin trans (Fig. 4), led us to speculate that NRC1 forms oligomers. Indeed,
co-immuno-precipitation experiments confirmed that NRC1"T self-associates in
planta (Fig. 5). Self-association was detected in the absence of an HR, indicating
it is a process that does not require NRC1 activation. Oligomerization has already
been shown for the NB-LRRs N (Mestre and Baulcombe, 2006), Prf (Gutierrez et
al., 2010), RPS5 (Ade et al., 2007), MLA10 (Maekawa et al., 2011) and L6 (Bernoux et
al., 2011), indicating that NB-LRR self-association appears to be a common feature
within the Plant Kingdom. However, the dynamics of the formed protein complexes
do not seem to be conserved, as there appears to be a specific difference between
CNLs and TNLs (Bonardi and Dangl, 2012). Both N and L6, which belong to the
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TNL subgroup, are monomers in their pre-activation state and upon perception
of P50 and Avr567, respectively, undergo elicitor-induced oligomerization (Mestre
and Baulcombe, 2006; Bernoux et al., 2011). For the CNLs RPS5, Prf and MLA10
the signalling platform is also an oligomer, though formed already prior to elicitor
perception (Ade et al., 2007; Gutierrez et al., 2010; Maekawa et al., 2011). Being a
CNL, NRC1 indeed also shows self-association prior to defence activation. However,
unlike other CNLs reported so far, the NRC1 oligomer appears to dissociate upon
activation of the HR by Avr4 in Cf-4-expressing N. benthamiana (Fig. 5). Therefore,
for NRC1 the active state is the monomeric state, or at least a lower order oligomeric
complex.

The current model for NB-LRR signalling suggests that in the absence of an
avirulent pathogen, NB-LRRs cycle between relatively high levels of the “off” or
pre-activation state that can either be a monomer (TNL) or a dimer/oligomer (CNL),
and relatively low levels of the “on” state that is capable of defence signalling. These
changes from “off” to “on” are accompanied by an exchange of the bound ADP by
ATP, after which a return to the “off” state is accomplished by hydrolysis of the
bound ATP to ADP. Upon perception of an effector of a pathogen (either directly or
indirectly), the equilibrium between the “off” and “on” state is shifted towards the
“on” state, and as a consequence the HR and other defence responses are induced.
Based on what we observed concerning NRC1 functioning, we now introduce
a new alternative to this model, in which NB-LRR activation is accompanied by
dissociation of the constitutively present oligomer. If so, then NRC1”*!V, which is an
auto-active mutant, is expected to behave as a monomer. However, the strict post-
transcriptional regulation this protein is subjected to made it impossible to test this
hypothesis, since NRC1P*!V protein does not accumulate to levels sufficient to be
detected on western blots (see Chapter 2).

Considering the model for NRC1 signalling described above we reason that the loss-
of-function NRC1E!%*¢ mutant protein, which stabilises the mixed NRC1 oligomer
(Fig. 5), exerts its dominant-negative effect by sequestering NRC1"Tinto an inactive
oligomer. This mutation would therefore impede the normal equilibrium shift of
NRC1 from the “off” to the “on” state upon activation of the HR. Interestingly,
NRCI¥9R g loss-of-function mutant in the P-loop motif that is required for
nucleotide binding (Gabriéls et al., 2007), can still oligomerise, confirming that self-
association of NRC1 is a pre-activation event and does not require nucleotide binding
(data not shown). Overall, our mutational analysis and self-association studies on
NRC1 have contributed to our knowledge on the diverse mechanisms underlying
NB-LRR activation and subsequent down-stream signal initiation and suggest that
commonalities are the exception rather than the rule when NB-LRR functioning is
concerned.
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Materials and Methods

Plant material and growth conditions

Wild-type N. benthamiana and transgenic N. benthamiana:Cf-4 (Gabriéls et al.,
2006) were grown in climate chambers under 16 hrs light at 25°C and 8 hrs dark at
21°C and 75% relative humidity.

Site-directed mutagenesis and plasmid construction

The NRCI mutations G462A, A774G and G831A, corresponding to amino acids
substitutions E154K, E258G and R277H respectively, were introduced in the
high copy plasmids SOL77 (pRH80-NRC1"') and SOL79 (pRH80-NRCI1P>%wY)
described in Gabriels et al. (2007). Mutations E154K and E258G were introduced
by overlap extension PCR. Using SOL77 as template, primers NRC1-E154K-Fw
(5"-CTGTGGTTGAGAAAGATGATGTG-3') (mutation in bold) and NRC1-E154K-Rv
(5'-CACATCATCTTTCTCAACCACAG-3’') (mutation in bold) were used in combination
with primers P45 (5'-GGGATCCATGGTTGATGTAGGGGTTGA-3') and NRCI1-Rv
(5"-AAATAGCCTCTGGGGAATGTACC-3') to generate a 1.2 Kb fragment containing the
mutation E154K. The PCR fragment was cloned in the Zero Blunt TOPO PCR vector
(Invitrogen), sequenced and sub-cloned into SOL77 and SOL79 with Sall and Spel
restriction sites to generate pPRH80-NRC1E%** and pRH80-NRC1E!54¥D481V regpectively.
Similarly, using primers NRC1-E258G-Fw (5'-GATTTTGGAAGGAGGAGGAAAATAC-3')
(mutation in bold) and NRC1-E258G-Rv (5'-GTATTTTCCTCCTCCTTCCAAAATC-3’)
(mutation in bold) along with P45 and NRC1-Rv (see above for sequences) a 1.2
Kb fragment containing the mutation E258G was generated, which was then sub-
cloned into SOL77 and SOL79 to obtain pRH80-NRC1%2%¢ and pRH80-NRC 15258/D481V,
respectively. For mutation R277H a 477bp PCR fragment was generated with the
primers NRC1-R277H-Sall-Fw (5'- GGTCGACAGATGCTTGGGATCATATCAAGAT-3')
(mutation in bold and Sall restriction site underlined) and NRC1-R277H-Rv
(5'-GGGATTAAATAGCCTCTGGGGAATGTACCG-3'). The PCR product was cloned into
the Zero Blunt TOPO PCR Cloning Kit (Invitrogen) for sequencing and then sub-cloned
into Sall and HindIII sites of SOL77 and SOL79 to generate pRH80-NRC1%*"7H and
PRHB0-NRC1R#77HD481V regpectively. All six pRH80-based vectors were digested with
KpnlI and Xbal to transfer the entire expression cassette (35S promoter, NRCI open
reading frame and NOS terminator) into the binary vector pMOG800. All vectors were
verified by digestion with restriction enzymes and transformed into Agrobacterium
tumefaciens C58C1 containing helper plasmid pCH32 (Hamilton, 1997).

To generate GFP fusions of NRC1, mutations E154K and E258G were introduced into
Sall- and Spel-digested pENTR/D-TOPO plasmids SOL2116 and SOL2117; containing
the coding sequence of NRC1 or NRC1P#"V, hoth without stop codon, respectively. The
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mutation R277H was introduced into Sall- and Scal- digested SOL2116 and SOL2117.
The eGFP C-terminal NRC1 fusions were obtained by performing an LR reaction with
Gateway LR Clonase II (Invitrogen) with SOL2095 (pBINKS-35S-GWY-eGFP-tNOS) as
a destination vector following the manufacturer’s instructions. For NRC1"W™-10xMyc,
NRCI"Tpresent in SOL2116 was recombined into the Gateway-compatible destination
vector SOL2750 (pGWB20-35S-GWY-10Myc-tNOS)(Nakagawa et al., 2007).

3D model of the structure of the NBS domain of NRC1

The complete amino acid sequence of NRC1 was used to delineate protein domains
with the domain linker predictor (Miyazaki et al., 2002), whereas motifs and patterns
were assessed with Pfam (Finn et al., 2010) and Prosite (Sigrist et al., 2010). Overall,
secondary structure prediction resulted in a consensus out of several top performance
secondary structure prediction methods. Propensities of the three aspects of intrinsic
disorder — coils, missing coordinates and high B-factor — were assessed with DisSEMBL
(Linding et al., 2003), IUPRED (Dosztanyi et al., 2005) and DISOPRED (Ward et
al., 2004) and translated into a disorder score for each amino acid position in the
sequence. Sequence alignments and interactive threading were performed with
MULTALIN (Corpet, 1988), ClustalW (Thompson et al., 1994) and SLIDE (Hanganu et
al, 2010). Molecular modelling was performed on a Silicon Graphics Octane Station,
using the InsightII software suite from Accelrys. In sequence-conserved regions
(SCR) the model was generated by coordinate transfer and side chain reconstruction,
while the sequence-variable regions (SVR) were randomly generated and filtered by
steric constraints, followed by successive rounds of simulated annealing and energy
minimization. Steric conflicts were further relieved by global simulated annealing
with absolute positional harmonic restraints on backbone atoms found in definite
secondary structure states (H, I, E), followed by energy minimization. Finally, model
quality was evaluated globally with MetaMQAP (Pawlowski et al., 2008) and locally
with PROCHECK V.3.4.4. (Laskowski et al, 1993) for crystallographic standards
compliance.

Transient expression assays in N. benthamiana for HR induction and protein
production

Binary vectors were expressed in leaves of four-week-old N. benthamiana plants
by Agrobacterium-mediated transformation, as adapted from van der Hoorn et al.,
(2000) (Tameling et al., 2010). For HR assays, NRC1"Tor the single mutants (NRC1E!%,
NRC1E%8 and NRC1®?7H) were co-expressed with the silencing suppressor P19
from Tomato Bushy Stunt Virus (TBSV) (Voinnet et al., 2003) in a 1:1 ratio, whereas
NRC1™8Vand NRC1 double mutants (NRC1E54/P48IV NR(C 1 E2586/D481V apnd N'RC 1 R277H/D481V)
were expressed without P19. All bacterial suspensions were infiltrated at a final OD,,
= 1. To test the effect of the mutations on the activity of NRC1 in trans, NRC1VTwas
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transiently co-expressed in N. benthamiana with P19 and with either a single NRC1
mutant or GUS as a negative control in a 1:1:4 ratio (NRC1W": P19 : NRC1™'T or GUS)
at a final 0D, ,= 1. In all cases pictures were taken at 3 dpi and, where indicated,
leaves were cleared with 70% ethanol to more clearly visualise the cell death response.

For protein extraction, the different NRC1 mutants fused to eGFP (generated as
described above), were transiently co-expressed with P19 in a 1:1 ratio in four-
week-old N. benthamiana leaves. At 3 dpi leaf material was harvested and proteins
were extracted under native conditions by grinding 1 gr of leaf fresh weight in
liquid nitrogen. Frozen powder was resuspended in 2.5 mL of extraction buffer
[25 mM Tris-HCI pH 7.5, 125 mM NaCl, 10% glycerol, 5 mM dithiothreitol (DTT),
0.1% Nonidet P-40], supplemented with protease inhibitor cocktail (Roche) and 2%
polyvinylpolypyrrolidone (Moffett et al., 2002). The protein extract was subsequently
incubated head-over-head with 20 ul of GFP_TrapA agarose beads (Chromotek) for
1 hr at 4°C, to immuno-precipitate GFP-fused proteins as described by (Liebrand et
al., 2012). The precipitated proteins were eluted from the beads by boiling in 1x gel
loading buffer (GLB) and resolved in a 9% SDS-PAGE protein gel, followed by blotting
and immune detection with a-GFP antibody coupled to Horse Radish Peroxidase (HRP)
(MACS Antibodies).

To test NRC1 self-association in planta, NRC1W™-10xMyc was transiently co-expressed
with NRC1"T or NRCI®**¥ fused to GFP in N. benthamiana stably expressing the
tomato R gene Cf-4 (N. benthamiana:Cf-4) (Gabriéls et al., 2006). To trigger defence
signalling, at 2 dpi a second infiltration was performed in the same leaf area of either
the matching Avr4 effector gene from C. fulvum or GUS at an OD_ = 0.03 (Gabriéls
et al., 2007). Leaf material (1 gr fresh weight) was harvested 24 hpi after the second
infiltration, proteins were extracted and GFP fusions were immuno-precipitated as
described above. The precipitated proteins were eluted from the beads by boiling in
1x GLB and resolved in a 9% SDS-PAGE protein gel, followed by blotting and immune
detection with either a-GFP antibody coupled to HRP (MACS Antibodies) or a-Myc
antibody (cMyc 9E10, Santa Cruz), in combination with a-mouse-HRP (Amersham) as
a secondary antibody.

V. dahliae disease test

V. dahliae disease tests were performed according to Fradin et al. (2009). Twelve
individual tomato plants for each M3 EMS mutant family were used in each assay.
Essentially, four-week-old plants were either root-inoculated with spores of V. dahliae
at a concentration of 1x10°spores/ml or treated with water. Cultivars Motelle and
MoneyMaker were included as resistant and susceptible controls, respectively. Two
weeks after inoculation, plants were examined for signs of compromised resistance,
namely reduction in plant height and canopy area. At the end of the disease assay, all
plants were photographed and relative plant height and canopy area were measured
digitally with ImageJ software (Santhanam and Thomma, 2013).
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Multiple sequence alignment and phylogenetic tree

The NRCI protein sequence was used to perform a BLASTp search in the Sol Genomics
Network (www.solgenomics.net) against the tomato predicted proteins (SL2.40), the
potato predicted proteins (ST1.0) and the N. benthamiana predicted proteins based
on the first genome draft (genome v0.4.4). The protein sequences corresponding to
NRC1 homologs in tomato and orthologs in other Solanaceous species were used for
a multiple sequence alignment with ClustalW. Subsequently, the multiple alignment
was used to construct a phylogenetic tree using the web-based tool provided by
the European Bioinformatics Institute (EBI, http:/www.ebi.ac.uk/Tools/phylogeny/
clustalw2_phylogeny/).

High-throughput sequencing of an EMS-mutagenized tomato population

The screening for mutations that compromise the activity of NRCI was
performed by following the KeyPoint® Technology (Rigola et al., 2009), with
modifications. The sequencing protocol was updated to employ the GS Titanium
platform (Roche). This modifications include the generation of 700 bp fragments,
facilitating the 400 bp read length. In order to sequence the entire region of the
NRCI gene encoding the NB-ARC domain and the first four LRRs, two amplicons
were generated. Amplicon 1 (741 bp), obtained with primers NRC1 amplicon 1
forward (5-TAGTTGACCTATCCTTTTCTGCTG-3') and NRCI amplicon 1 reverse
(5'-CCTTTACACTTCCTGGCTATGC-3’) encompasses the coding region for the NB and
ARC1 subdomains. Amplicon 2 (767 bp) was amplified with primers NRC1 amplicon
2 forward (5'-CAATAAAGGAATGGGAGCAAGTGG-3') and NRC1 amplicon 2 reverse
(5"-AAGGTTGATCTGTTGTGTGTTGAC-3') and encompasses the coding region for
ARC2 and the first four LRRs. In total 15,040 mutant individuals, corresponding to five
segregating M2 tomato plants belonging to 3008 M2 families were screened (Menda
et al., 2004). After deconvolution, the position of each mutation in the super-pool was
identified and based on these positions the M2 family number was retrieved and 22
seeds were germinated for each M2 family. DNA isolation and Sanger sequencing
was performed for 19, 9 and 21 individuals for mutations E154K, E258G and R277H,
respectively. For each family, several homozygous M2 plants were identified and
used for harvesting of M3 seeds.
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Supplementary Figure S1: Amino acid sequence alignment of the different NRC1 protein family members
of tomato

The NRCI protein sequence was used to perform a BLASTp search against the translated tomato genome in
the SOL Genomics database as described in Materials and Methods. Sequences were aligned with Clustalw.
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Queda prohibido llorar sin aprender,
levantarme un dia sin saber qué hacer,
tener miedo a mis recuerdos,
sentirme soélo alguna vez.

Queda prohibido no sonreir a los problemas,
no luchar por lo que quiero,
abandonarlo todo por tener miedo,
no convertir en realidad mis suenos.
Queda prohibido no demostrarte mi amor,
hacer que pagues mis dudas y mi mal humor,
inventarme cosas que nunca ocurrieron,
recordarte sélo cuando no te tengo.
Queda prohibido dejar a mis amigos,
no intentar comprender lo que vivimos,
llamarles sélo cuando les necesito,

no ver que también nosotros somos distintos.

Queda prohibido no ser yo ante la gente,
fingir ante las personas que no me importan,

hacerme el gracioso con tal de que me recuerden,

olvidar a toda la gente que me quiere.
Queda prohibido no hacer las cosas por mi mismo,
no creer en mi Dios y hacer mi destino,
tener miedo a la vida y a sus castigos,
no vivir cada dia como si fuera un tltimo suspiro.
Queda prohibido echarte de menos sin alegrarme,
olvidar los momentos que me hicieron quererte,
todo porque nuestros caminos han dejado de abrazarse,
olvidar nuestro pasado y pagarlo con nuestro presente.
Queda prohibido no intentar comprender a las personas,
pensar que sus vidas valen mas que la mia,
no saber que cada uno tiene su camino y su dicha,
pensar que con su falta el mundo se termina.
Queda prohibido no crear mi historia,
dejar de dar las gracias a mi familia por mi vida,
no tener un momento para la gente que me necesita,

no comprender que lo que la vida nos da, también nos lo quita.

Alfredo Cuervo Barrero
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Abstract

Plant disease Resistance (R) proteins confer immunity to pathogens possessing the
corresponding avirulence (Avr) proteins. The majority of R proteins belong to the
Nucleotide-Binding, Leucine-Rich Repeat (NB-LRR) class. Activation of NB-LRRs
is often associated with induction of the Hypersensitive Response (HR), a form of
programmed cell death. NRC1 (NB-LRR required for HR-associated Cell death-1) is
an NB-LRR from tomato that participates in the down-stream signalling cascade
leading to resistance to the fungal pathogens Cladosporium fulvum and Verticillium
dahliae. Silencing in Nicotiana benthamiana employing the tomato NRCI coding
sequence diminishes the HR triggered by various R/Avr combinations. This suggests
that NRC1 is a down-stream signalling hub for different classes of immune
receptors. To identify mutations in NRC1 that cause a higher signalling activity we
generated a random mutant library restricted to the NB-ARC domain of this protein.
The mutants were screened for their capacity to induce an elicitor-independent HR
upon transient expression in N. tabacum. The screening of 1920 clones retrieved 12
mutants that showed auto-activity. In nine mutants a single amino acid substitution
was responsible for this gain-of-function phenotype. Interestingly, five of these
substitutions were located at the GLPL motif, suggesting that this motif is involved
in modulating the signalling activity of NRC1. Moreover, we also identified a
mutation in the highly conserved R residue in the RNBS-B motif. 3D modelling of
the NB-ARC domain of NRC1 revealed that all nine targeted residues where centred
around the bound nucleotide. Our mutational approach provides a wide set of novel
gain-of-function mutations in the NB-ARC domain of NRCI1 that were not identified
in screens with other NB-LRRs. These data provides insight in how the activity of
this NB-LRR may be regulated.
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Introduction

STAND (Signal Transduction ATPase with Numerous Domains) proteins are a
class of NTPases (Nucleoside TriPhosphatases) capable of binding and hydrolysing
nucleotides (Leipe et al., 2004). Although they generally possess a variety of
different domains depending on their function, STAND proteins are characterized
by the presence of a P-loop NTPase domain, responsible for the hydrolysis of the y-f
phosphate bond of a Nucleotide TriPhosphate (NTP) (Saraste et al., 1990). Amongst
the best studied STAND proteins are those involved in complex biological processes
such as Programmed Cell Death (PCD) and disease resistance in both animals and
plants: the Nucleotide-binding, Oligomerization Domain (NOD)-Like Receptor (NLR)
and the Nucleotide-Binding, Leucine-Rich Repeat (NB-LRR) proteins of innate
immunity in animals and plants, respectively (Damm et al., 2013; Hou et al., 2013).
These immune receptors are constantly surveying for molecules that may betray the
presence of pathogens or the cellular damage generated by them. From a functional
point of view, animal NLRs are considered as Pattern Recognition Receptors (PRRs),
as they detect the presence of Microbe-Associated Molecular Patterns (MAMPs),
such as bacterial flagellin (Miao et al., 2006) or peptidoglycan (Fritz et al., 2006).
Though plants also possess PRRs capable of recognizing bacterial flagellin (Gémez-
Gomez and Boller, 2000) and elongation factor-Tu (Zipfel et al., 2006), as well as
fungal chitin (Kaku et al., 2006; Miya et al., 2007), NB-LRRs are not considered PRRs
since they recognize race-specific proteins (so-called effectors) from pathogens.
Therefore, while the range of microbes perceived by NLRs is fairly broad, NB-LRR-
dependent immunity in plants is highly specific. Moreover, NLR activation is often
associated with an inflammatory response that does not necessarily culminate in
cell death (Elinav et al., 2011). In contrast, a hallmark of plant NB-LRR activation
is their ability to trigger the Hypersensitive Response (HR), a plant-specific type of
PCD (Heath, 2000). However, also here examples exist in which NB-LRR-mediated
resistance to pathogen occurs independently of cell death (Bendahmane et al., 1995;
Zhang et al., 2013). Therefore, the question remains whether NB-LRR-mediated
disease resistance requires the induction of the HR.

Animal NLRs and plant NB-LRRs share the presence of a central domain involved
in nucleotide binding, known as NACHT (found in NAIP, CIITA, HET-E and TP1) in
NLRs and NB-ARC (Nucleotide-Binding, found in Apaf-1, plant Resistance proteins
and CED4) in NB-LRR proteins (van der Biezen and Jones, 1998; Koonin and Aravind,
2000; Ye and Ting, 2008; Takken and Goverse, 2012). This domain is also present
in human Apaf-1 (Apoptotic Protease-Activating Factor-1) and its Caenorhabditis
elegans homolog CED4 (CEll Death protein 4), both of which are involved in apoptosis
(Chinnaiyan et al., 1997; Chinnaiyan et al., 1997; Seshagiri and Miller, 1997; Zou et
al., 1997; Cecconi et al., 1998). Interestingly, in animal NLRs the NACHT domain
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has been implicated in ligand-mediated oligomerization, a phenomenon required
for activation of immune signalling (Damm et al., 2013). Moreover, the C-terminal
part of NLRs and NB-LRRs is composed of a Leucine-Rich Repeat (LRR) region, of
variable length. The N-terminal domain, however, is not conserved between NLRs
and NB-LRRs (Ting et al., 2008). In NB-LRRs the N-terminus generally comprises
either Coiled-Coil (CC) structures or a domain with homology to the Toll/Interleukin-1
Receptor (TIR), although some carry additional and/or alternative domains (Grant et
al., 1995; Salmeron et al., 1996; Milligan et al., 1998).

Due to their modular nature, several studies on plant NB-LRRs have focused on one
or more domains independently, based on which a certain signalling task division
amongst the different domains has been proposed. The N-terminal domain, either CC
or TIR, is generally associated with the recruitment of signalling partners. Examples
of these are the interaction between the CC domain of the CC-NB-LRR (CNL) MLA10
from barley (Hordeum vulgare) and a WRKY transcription factor (SHen et al., 2007),
the potato (Solanum tuberosum) CNL Rx and a Ran-GTPase-activating protein
(RanGap?2) (Sacco et al., 2007; Tameling and Baulcombe, 2007). In addition, in the
presence of a pathogen the N-terminal domain of NB-LRRs can sense changes in the
state or subcellular localization of other plant proteins, thereby activating defence
responses. An example of this is the TIR-NB-LRR (TNL) N from tobacco (Nicotiana
tabacum), which directly binds to a chloroplastic protein (N-Receptor Interacting
Protein, NRIP) through its TIR domain (Caplan et al., 2008). Moreover, for some
CNLs and TNLs the N-terminal domain, either CC or TIR, is sufficient to induce cell
death upon their individual expression in the absence of the other domains and of a
pathogen (Maekawa et al., 2011; Bernoux et al., 2011; Collier et al., 2011). This has
led to the hypothesis that, at least for a number of NB-LRRs, the N-terminal domain
is involved in initiating defence signalling.

In NB-LRRs the C-terminal LRR domain is the most variable region and plays a
fundamental role in governing recognition specificity, as has been demonstrated for
the L locus in flax (Linum usitatissimum) (Dodds et al., 2001; Dodds et al., 2006), for
tomato Mi-1 (Hwang and Williamson, 2003) and for the polymorphic barley mildew
A (MLA) R locus (SHen et al., 2007). In addition to its role in recognition, the LRR
domain is thought to exert an auto-inhibitory effect on the activity of the NB-LRR
protein through intra-molecular interactions with the region carrying the NB-ARC
and CC domains. Auto-inhibition is required to avoid inappropriate activation of
defence signalling (e.g. cell death) in the absence of a pathogen. Evidence supporting
this notion comes from experiments wherein swapping the LRR domains between
closely related NB-LRRs resulted in auto-activity. This is likely caused by the
intra-molecular incompatibility in such chimeras resulting in an abrogated auto-
inhibition (Hwang and Williamson, 2003; Howles et al., 2005; Rairdan and Moffett,
2006; Slootweg et al., 2013). Moreover, deletion of the entire LRR domain or parts
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thereof, results in a mild constitutive activation of cell death and defence responses,
at least for some NB-LRRs (Ade et al., 2007); (Rairdan et al., 2008), which confirms
the role of the LRR domain in auto-inhibition.

As mentioned above, the central region of all NB-LRRs is represented by the NB-
ARC domain, which has the ability to bind and hydrolyse ATP (Tameling et al., 2002).
By this activity the NB-ARC domain is considered as a molecular switch that is
thought to direct nucleotide-dependent conformational changes in the protein
which, in turn, allow interaction with down-stream signalling partners to induce
cell death and other defence responses (Tameling et al., 2006; Tameling and Takken,
2008; Takken and Goverse, 2012). The NB-ARC domain is subdivided into three
subunits (NB, ARC1 and ARC2), which contain several highly conserved motifs many
of which are directly required for nucleotide-binding and/or -hydrolysis. The best
characterized motifs, namely the P-loop (or Walker A), Walker B and RNBS-B, are
located in the NB subdomain. The P-loop motif is involved in interactions with the
phosphates and Mg?* ion of the ATP-Mg?* complex (Saraste et al., 1990; Via et al.,
2000; Riedl et al., 2005; Yan et al., 2005) and mutation of the invariant lysine residue
within this motif abolishes nucleotide binding (Tameling et al., 2002; Williams et
al., 2011), rendering the NB-LRR in a “signalling-dead” state (Bendahmane et al.,
2002; Tameling et al., 2002; Gabriéls et al., 2007; Tameling and Baulcombe, 2007;
Williams et al., 2011). The Walker B motif is involved in ATP hydrolysis through
two conserved aspartic acid residues, of which the first orients the Mg?* ion and
the second serves as a catalytic base. Mutation of the second aspartic acid residue
compromises the hydrolytic activity in the NB-LRR I-2 from tomato and results
in a mild auto-active phenotype in this protein (Tameling et al., 2006) as well as
in other NB-LRRs (Bendahmane et al.,, 2002; van Ooijen et al., 2008; Ade et al.,
2007). Finally, the RNBS-B motif is involved in binding and possibly sensing the
y-phosphate of the nucleotide, similar to the sensor I motif of proteins belonging to
the AAA+ superclass (Takken et al., 2006). Two other motifs are located in the NB
subdomain, hhGREXE and RNBS-A, although with a lower degree of conservation.
The ARC1 and ARC2 domains each contain two conserved motifs, namely RNBS-C
and GLPL in ARC1 and RNBS-D and MHD in ARC2 (Takken et al., 2006). Although
the exact function of these motifs remains elusive, mutations have been identified in
these motifs that either cause elicitor-independent cell death, representing gain-of-
function (de la Fuente van Bentem et al., 2005; Tameling et al., 2006; Gabriéls et al.,
2007; van Ooijen et al., 2008a; Maekawa et al., 2011; Williams et al., 2011), or fully
repress the capacity of the protein to induce an HR, representing loss-of-function
(Dinesh-Kumar et al., 2000; Tao et al., 2000; Tameling et al., 2002). These findings
indicate that these motifs regulate the signalling activity of NB-LRRs, either through
direct involvement in binding and/or hydrolysis of the nucleotide, in auto-inhibition
or in relaying conformational changes in the NB-ARC domain to other parts of the
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protein. Although many studies have resulted in the successful identification of new
mutations that modulate the activity of NB-LRRs, our knowledge on the mechanisms
by which the NB-ARC domain regulates the activity of NB-LRRs is still limited.

We have previously reported the identification of tomato NRC1 (NB-LRR Required
for hypersensitive response-associated Cell death-1), an NB-LRR required for
resistance to the fungal pathogens Cladosporium fulvum and Verticillium dahliae
mediated by the R proteins Cf-4 and Vel, respectively (Gabriéls et al., 2007; Fradin
et al., 2009). Moreover, NRC1 is also involved in the down-stream signalling
cascades leading to HR in N. benthamiana activated by several intracellular (Rx,
1-2, Mi-1 and Prf/Pto) and extracellular (Cf-4 and Cf-9) R proteins (Gabriéls et al.,
2007). Therefore, by assisting such a wide range of R proteins, NRC1 likely acts as
a central signalling switch in the tomato immune response. In order to gain more
insight into the functioning of the NB-ARC domain of NB-LRRs, we performed a
mutagenesis screen on the NB-ARC domain of tomato NRC1. Random mutations
were incorporated by an error-prone PCR reaction and tested for their effect on the
signalling activity in the context of full length NRC1 in plants. We identified novel
gain-of-function mutations that allowed NRC1 to induce an elicitor-independent
HR and that were not reported for other NB-LRRs. Moreover, we speculate on the
possibility of implementing such mutations in breeding programs to obtain broad-
spectrum resistance to pathogens.

Results

Random mutagenesis of the NB-ARC domain of NRC1

To identify mutations that affect the HR-signalling activity of NRC1, we screened
for NRC1 mutant proteins capable of inducing cell death in an elicitor-independent
manner. The mutants were generated with an error-prone PCR reaction that
randomly incorporates mismatches in the nucleotide sequence of NRCI. Mutants
were only generated in the region encoding the NB-ARC domain of NRC1, considering
that most of the gain-of-function mutations identified in NB-LRRs localize in this
domain (Bendahmane et al., 2002; Howles et al., 2005; Tameling et al., 2006; Ade
et al., 2007; van Ooijen et al., 2008; Gao et al., 2011). The mutant library was sub-
cloned into a binary vector for transient expression in planta. This resulted in the
expression of chimeric NRC1 mutant proteins, in which the CC and LRR domains
were Wild-Type (WT) sequences, whereas the central NB-ARC domain may carry
random mutations (Fig. 1A). For in planta expression, the library was transferred to
Agrobacterium tumefaciens and individual clones were assessed for their capacity
to trigger elicitor-independent HR after agro-infiltration in tobacco (Nicotiana
tabacum).
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We have previously reported that NRC1"Tinduces an HR when agro-infiltrated in
N. benthamiana in combination with the silencing suppressor of Tomato Bushy
Stunt Virus (TBSV) P19, but not when expressed alone (Gabriéls et al., 2007)
(Chapter 3, this thesis). Likewise, transient expression of NRC1"WTwithout P19 does
not trigger cell death in tobacco (Fig. 1B). In contrast, NRC1P*"V, which carries a
point mutation in a highly conserved motif in the ARC2 subdomain, is capable of
inducing a strong HR without the need of P19 both in N. benthamiana (Gabriéls
et al., 2007) (Chapter 3, this thesis) and in tobacco (Fig. 1B). Upon screening of the
mutant NRC1 library, we considered the signalling activity of NRC1"T, manifested
as chlorosis of the infiltrated area, as the basal level and searched for NRC1
mutant proteins that induced a stronger response than the wild-type protein.

A

NB-ARC

terminator
NRC1ORF

Figure 1: Transient expression of NRC1”*", but not of wild-type NRC1,induces elicitor-independent cell
death in Nicotiana tabacum

(A) Cartoon depicting the structure of the mutant NRC1 proteins expressed in tobacco by agro-infiltration
used for screening for elicitor-independent HR. Only the sequence encoding the NB-ARC domain was
targeted for mutation by error-prone PCR and the mutant library was sub-cloned in a binary plant
expression vector.

(B) Unlike NRC1"T, NRCI1™®, carrying a single amino acid substitution in the MHD motif, activates
elicitor-independent HR in tobacco. Agrobacterium cultures carrying binary vectors with NRC1"*
or NRC1™*®'V were infiltrated into tobacco leaves at OD,, of 1, 0.5 and 0.1 (from left to right) and the
development of cell death was monitored in time. Red dashed lines indicate an HR, whereas the white ones
indicate a lack of the HR. The picture was taken at 4 dpi.
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We also included NRC1P#'V as a positive control, as this was the only gain-of-function
mutant of NRC1 reported so far (Gabriéls et al., 2007). A total of 1920 individual
clones were tested for their ability to trigger an elicitor-independent cell death in
tobacco. Every clone that induced cell death faster and/or stronger than NRC1"" was
considered to be an interesting candidate and was selected for further analysis. The
development of an elicitor-independent HR induced by NRC1>*!V was already visible
at 24-26 hours post-infiltration (hpi). The HR induced by the expression of the various
mutant clones appeared between 24 hpi and 7 days post infiltration (dpi) and was
therefore of variable intensity (Fig. 2A).

A

B
Mutant clones Mutations
Number of screened clones 1g20  Total number of mutations 40
Clones with confirmed increased 12 Number of silent mutations 12
signalling activity
Average number of mutations/clone 3.3 Number of missense mutations 28
Number of clones with one mutation 2 Number of transversions 24 (60%)

Number of transitions 16 (40%)

Figure 2: Random mutagenesis screening of the NB-ARC domain of NRC1 yields several gain-of-function mutants

(A) Representative picture of tobacco leaves from the NRC1 mutant screening showing different clones
that show an elicitor-independent HR. In each tobacco leaf, wild-type (WT) NRC1 (white dashed line) and
NRC1”*®V (red dashed line), in addition to six NRC1 mutants were transiently expressed by agro-infiltration.
Mutant clones that induced cell death were considered for further analysis. The picture was taken at 7 dpi.

(B) Summary of the results obtained after screening the NRC1-NB-ARC mutant library in tobacco. 1920
Agrobacterium clones were tested for their ability to induce an elicitor-independent HR in tobacco upon
transient agro-infiltration-mediated expression. Clones that consistently displayed an increased signalling
activity (12) were sequenced to identify the mutation(s). The indicated characteristics of these clones were
derived from the sequencing results.
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Out the 1920 assessed clones, 12 consistently gave an elicitor-independent HR
upon extensive re-testing and were selected for sequencing (Supplementary Table
S1). Sequencing results revealed that the 12 mutant clones contained in total 40
mutations, of which 12 were silent and 28 were missense mutations that resulted
in an amino acid substitution. We identified two clones (A and K) that carry only
one (missense) mutation. The remaining 38 mutations were spread over the other
ten clones, which resulted in an average of 3.3 mutations per clone, including both
silent and missense mutations (Fig. 2B). We also examined the type of mutations
at the DNA level and observed that the number of so-called transversions (A < T,
C < G, A~ CandT « G) was two times higher than that of transitions (A < G and
T < C), consistent with the fact that transversions are twice as common as transitions.
This indicates that there was no bias in the chemical nature of the introduced
mutations in the library.

Identification of the gain-of-function mutations by site-directed mutagenesis of NRC1

Of the 28 identified missense mutations, two occurred individually in a clone,
leading to the amino acid substitutions V356A and G350R in clones A and K,
respectively. The mutants F and L also contained one (identical) missense mutation,
leading to the R296Q substitution, but was combined with one and three unique
silent mutations, respectively. Therefore, in each of these four clones (A, K, F and L)
the single missense mutation is responsible for inducing the elicitor-independent HR
and are classified as gain-of-function mutations. Since the remaining 24 missense
mutations did not occur individually in the remaining eight clones, we introduced
these as single missense mutations into the coding region of NRCI by site-directed
mutagenesis. These single mutants were transiently expressed in tobacco and the
development of an elicitor-independent cell death was monitored. This analysis
revealed that the single mutations L483W, I355N, V357M, F4861, I358N and V158E,
were the responsible gain-of-function mutations in the progenitor clones C, E, G, H,
I and J, respectively, as expression of these single mutants induced a swift elicitor-
independent HR (Fig. 3; Supplementary Table S1). Interestingly, none of the missense
mutations derived from mutant B (D155E, Y262F and G341R) induce an elicitor-
independent HR as single mutants in tobacco (Supplementary Fig. S2). Therefore,
the auto-activity of clone B is most likely caused by the cooperative effect of two or
all three mutations.
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Remarkably, we identified mutation E258G in mutant D, of which we have previously
shown that it is a loss-of-function mutation in NRC1 (Chapter 3, this thesis). Of
the two other occurring missense mutations in mutant D, L395S did not result in
auto-activity (Supplementary Figure S2), suggesting that the remaining mutation,
V465E, likely causes the gain-of-function phenotype of clone D. Unfortunately, we
were unable to obtain this single mutant by site-directed mutagenesis. Therefore,
it cannot be concluded whether this mutation is individually or cooperatively with
L.395S responsible for the auto-activity of mutant D. In conclusion, in ten of the 12
clones we could determine that one single amino acid substitution is responsible for
the induction of the elicitor-independent HR.

We observed that the NRCI single mutants induced elicitor-independent HR at
different timings. Indeed, the mutations R296Q, I355N and L483W induced an
HR that appeared faster (21-24 hpi) than with the D481V mutant (24-26 hpi; Fig.
3). The V158E, V357M, I358N and F486I mutants showed a timing of the HR that
was similar to the D481V mutant (Fig. 4). Only expression of NRC1 mutant V356A
caused an HR that appeared slower (48 hpi) than the HR triggered by the D481V
mutant (Fig. 3). To evaluate the intensity of the HR caused by the different mutants
in more detail, dilution series with the Agrobacterium cultures containing the
mutant constructs were infiltrated in tobacco (0D, of 1, 0.5 or 0.1; Fig. 4). With
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the most diluted Agrobacterium suspensions a clear difference in the intensity of the
HR-inducing activity became apparent. Whereas infiltration of mutants NRC1V!%E,
NRC1™3%8 NRC1%2%9 NRC13%N and NRC1M8W resulted in complete tissue collapse at
all tested OD, levels, the mutants NRC1V*°*4 NRC1"**"* and NRC1"4** only induced
an HR at the higher OD_ levels (Fig. 4). The faster and/or stronger development of
the HR can be indicative of a more potent effect of a particular mutation on the
signalling activity of NRC1. Alternatively, it might also reflect a higher stability of
the protein, in such a way that the threshold for auto-activity is reached faster, or
a combination of both. Therefore, it may be concluded that the last three mutations
are milder than the five afore mentioned mutations. Overall, these findings indicate
that we have identified a wide range of missense mutations in NRC1, which, based
on the different timing of HR-induction between the mutants, are likely affecting
the signalling activity of the protein in different manners.

NRC1 V356A NRC1L483W NRC1!355N NRC1R296Q

NRC1D481V

NRG1 V357M NRC1 F486 NRC1 1358N NRC1 V158E

Figure 4: NRCI1 gain-of-function mutants differ in the strength of their HR-inducing activity

The different NRC1 proteins carrying a single gain-of-function mutation in the NB-ARC domain, as
presented in Fig. 3, were transiently expressed in tobacco by agro-infiltration. Agrobacterium cultures
carrying the NRClexpression constructs were infiltrated into tobacco leave sectors from top to bottom at
an 0D,  of 0.1, 0.5 and 1, respectively (left panel). The development of the HR was monitored over time.
At 7dpi, leaves were photographed. NRC1”*®!V was included as a positive control. Infiltrated areas are
delimited with a dashed line, where white indicates lack and red presence of the HR.
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Gain-of-function mutations in NRCI1 are centred around the bound ADP in the
structural 3D model of the NB-ARC domain

In order to investigate the degree of conservation of the amino acids that are mutated
in NRC1 within the NB-LRR protein class, we aligned the protein sequence of the
NB-ARC domain of NRC1 and other NB-LRR proteins (Fig. 5A and Supplementary
Fig. S3). To this end, we selected a broad range of NB-LRRs, considering the following
criteria: (1) they should originate from different plant species (tomato, potato,
tobacco and Arabidopsis) and (2) they should be either immune receptor (Mi-1, I-2,
Rx and RPM1), or down-stream signalling NB-LRR (ADR1-L2 and NRG1) (Debener
et al., 1991; Bendahmane et al., 1995; Ori et al., 1997; Milligan et al., 1998; Simons
et al., 1998; Peart et al., 2005; Bonardi et al., 2011). Moreover, for most of these
NB-LRRs, various gain-of-function mutations have been described (Bendahmane et
al., 2002; Gabriéls et al., 2007; van Ooijen et al., 2008; Bonardi et al., 2011; Gao et
al., 2011). The protein sequence alignment, which also includes Apaf-1, revealed
that some of the gain-of-function mutations identified in NRC1 correspond to highly
conserved amino acids amongst the selected NB-LRR proteins. A clear example of
this are mutations R296Q and G350R, which hit highly conserved residues in the
RNBS-B and GLPL motifs, respectively, both in NB-LRRs as well as in Apaf-1. Other
residues, like 1355, 1358 and 1483, show a lower degree of conservation which, in
some cases, was restricted to the selected NB-LRRs from the Solanaceous plants.

We then examined the orientation of the identified gain-of-function mutations in a
structural 3D model of the NB-ARC domain of NRC1. This model, that represents
the ADP-bound state of the NB-ARC domain of NRC1, was obtained based on the
crystal structure of the mammalian apoptotic factor Apaf-1 (Riedl et al., 2005), as
described in Materials and Methods (see also Chapter 3). Strikingly, all nine gain-
of-function mutations targeted amino acid residues that seem to be part of or very
close to the nucleotide-binding pocket and are all centred around the bound ADP
(Fig. 5B and Supplementary Fig. S4). This suggests that the auto-activity might be
related to alterations in nucleotide-binding affinity and/or hydrolysis. Alternatively,
the mutations might affect the sensor function of the ARC domains, which generally
communicate the nucleotide-binding state to other parts of the protein, thereby
regulating its activity.

Our 3D model predicts that 16 residues of the NB-ARC domain of NRC1 are likely
involved in binding to ADP (Supplementary Fig. S3), based on the crystal structure
of Apaf-1. Of these, two (V158 and V356) were hit by the random mutagenesis
screen and resulted in an elicitor-independent HR when mutated to an E and A,
respectively. Indeed, both residues locate very close to the ADP molecule (Fig.
5B and Supplementary Fig. S4). Although G350 is extremely conserved between
the selected NB-LRRs and Apaf-1 (Fig. 5A), it is likely not directly involved in
nucleotide binding in NRC1, because the analogous residue in Apaf-1 is not either.
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A
NRC1 WT (151) : QEGEDBER  (289): (348) : [GEGTEIVARRE (479) ¢
NRC1 MUT(151) : F2GEDDER  (289): (348): (479) :
Mi-1 {505) : IWGFEEET (651): (712) ¢ (840) =
=2 (153) : FGRQSEIE (305): (267): [ (493):
Rx (124) :  EYGRENEF (265): (328); [@ (459) : |
RPM1 (154) : GI-~B-A (307): (373) ¢ (503): |
ADR1-L2 (161) : EGVGLDLG {295) : (353) : (@HE (482) :
NRG1 1161) GFDLPL (3z22): (311 : § (517) ¢
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Figure 5: Gain-of-function mutations in the NB-ARC domain of NRCI correspond to residues surrounding
the ADP molecule, mostly in or very close to the GLPL motif

(A) Amino acid sequence alignment of the NB-ARC domain of NRC1, other NB-LRRs and Apaf-1, depicting
the location and conservation of the residues that have been mutated in NRC1. The amino acid sequences
of the NB-ARC domains of the different proteins were aligned with ClustalW. The hypothetical NRC1_MUT
sequence carries all missense mutations identified in the random mutagenesis screen described here. Only
parts of the alignment where the gain-of-function mutations were identified are shown. For complete
alignment of the NB-ARC domain see Supplementary Figure S3. Blue, gain-of-function mutation; red,
previously described gain-of-function mutations in other NB-LRRs (Bendahmane et al., 2002; Tameling
et al., 2006; Gabriéls et al., 2007; Gao et al., 2011; Roberts et al., 2013). Conserved sequence motifs are
indicated below the alignment with a light-blue bar. Numbers correspond to the amino acid position,
considering the first amino acid of the full length protein as position one.

(B) 3D-model of the NB-ARC domain of NRC1 indicating the location of the targeted residues in the gain-
of-function mutants. The amino acid residues 160 to 443 from the NRC1 full-length protein were modelled
for its 3D structure, based on the crystal structure of Apaf-1 as described in Materials and Methods. Light-
blue, conserved motifs of the NB-ARC; red, amino acids predicted to be directly involved in nucleotide
binding; orange, positions corresponding to the nine identified gain-of-function mutations; blue, ADP
molecule. Side chains of important residues are depicted as sticks. The dot projection (in orange) displays
the solvent-accessible surface. The small panel shows a close-up of the mutations, indicated in orange.
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Though, close examination of the 3D model revealed that this residue is directly in
the vicinity of P352 (Fig. 5B and Supplementary Fig. S4), which is probably required
for nucleotide-binding, similarly to the analogous P321 residue in Apaf-1 (Riedl et
al., 2005). It is therefore tempting to speculate that the substitution with a bulky
and charged R residue at the G350 position might affect the nucleotide binding and/
or hydrolysis activity of NRC1. Residues 1355, V357 and 1358 are not predicted to
participate in nucleotide-binding, based on the crystal structure of Apaf-1. However,
their proximity to residues P352 and L353 suggests that mutations I355N, V357M and
I358N are likely to interfere with the involvement of the GLPL motif in nucleotide-
binding and/or hydrolysis (Fig. 5B and Supplementary Fig. S4). Moreover, residues
1483 and F486 also do not appear to make direct contact with the nucleotide and are
located further away from it than the other mutations. Therefore, speculation on how
they affect the HR-signalling activity of NRC1 becomes more challenging. However,
their location within the MHD motif suggests that mutations L483W and F4861
might compromise the predicted nucleotide-binding by H480, which is analogous to
H438 in Apaf-1 that contacts ADP (Riedl et al., 2005). Finally, based on the proximity
of residue R296 to the ADP molecule, it is tempting to speculate that this residue is
involved in nucleotide-binding and/or hydrolysis (Fig. 5B and Supplementary Fig.
S4). In agreement with this hypothesis, is the observation that the analogous R273
residue of CED-4 contacts the y-phosphate of the bound ATP in the crystal structure
(Yan et al., 2005). Overall, our random mutagenesis screen revealed nine novel single
gain-of-function mutations in the NB-ARC domain of NRC1. The finding that five
of those mutations are in or close to the GLPL motif, surrounding the nucleotide
molecule, suggests a participation of this motif in modulating the HR-signalling
activity of NRC1.

Discussion

In this study we report the identification of gain-of-function mutants of NRC1 in a
random mutagenesis screening. NRC1 is a defence signalling NB-LRR from tomato
acting down-stream of R proteins. By means of an error-prone PCR, we generated
random mutations in the NB-ARC domain of NRC1 and screened the mutants for
their ability to induce elicitor-independent cell death upon transient expression in
tobacco. Such auto-activity is indicative of an increased defence signalling activity
of the generated NRC1 mutant.

Mutagenesis screens of NB-LRRs has been conducted before, although mostly aimed
at the identification of loss-of-function mutations (Dinesh-Kumar et al., 2000; Tao
et al., 2000; Axtell et al., 2001; Tornero et al., 2002). Using a similar approach as the
one employed in this chapter, Bendahmane et al. (2002) reported the identification
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of gain-of-function mutations in the potato NB-LRR Rx, which confers resistance
to Potato Virus X (PVX). By error-prone PCR, the authors randomly mutagenized
the entire coding region of Rx, and searched for mutations that would induce
elicitor-independent HR upon expression in tobacco. The screening of 2,500 colonies
resulted in the identification of eight gain-of-function mutants, resulting in a rate
of one gain-of-function mutant every 312 clones (Bendahmane et al., 2002). This
represents a lower success rate as compared to our NRC1 mutagenesis screen, in
which one of every 160 screened clones gave an auto-active phenotype. However,
it should be noted that the Rx mutants were transiently expressed in tobacco under
control of their own regulatory sequences, which likely results in a lower expression
level than would be provided by the constitutive Cauliflower Mosaic Virus (CaMV)
35S promoter that we employed. This could account for the fact that mild gain-of-
function mutants were not identified in the screen performed by Bendahmane et al
(2002). Moreover, the authors focused on the entire coding region of Rx, instead of
just the NB-ARC domain (Bendahmane et al., 2002).

Interestingly, similar to Rx, we found that a single amino acid change was responsible
for the constitutive gain-of-function phenotype of ten of the 12 mutants (Fig. 3). No
overlap was found between the causal mutations in the gain-of-function mutants
identified in both screens. Moreover, to our knowledge, none of the gain-of-function
mutations in NRC1 have been reported for other NB-LRRs. This is remarkable,
considering that some of them targeted amino acids that are extremely conserved
amongst NB-LRRs and other STAND proteins, as described below.

Location of the gain-of-function mutations and their possible involvement in
nucleotide-binding

Our 3D structural model of the NB-ARC domain of NRC1, which is based on the
crystal structure of Apaf-1 (Riedl et al., 2005), predicts 16 residues that are involved
in the interaction with the ADP molecule (Supplementary Figure S3). Interestingly,
our mutational analysis hit one of these residues, V158, which corresponds to V127
in Apaf-1. This V residue is located in the hhGREXE motif, which determines the
base specificity for adenine over guanine in Apaf-1 (Riedl et al., 2005). In NRCI,
mutation V158E induced elicitor-independent HR at a similar speed/intensity as
mutation D481V (Fig. 3, Fig. 4 and Fig. 5). Notably, we also reported that mutation
E154K, located three amino acids towards the N-terminal of the hhGREXE motif,
affects the HR-signalling activity of NRC1 both in cis and in trans, likely by affecting
the oligomerization state of the protein (chapter 3, this Thesis).

The residue R296 is located in the RNBS-B motif of NB-LRRs, which has been
suggested to have a similar function to the sensor I motif in proteins belonging to
the AAA+ superclass (Leipe et al., 2004; Takken et al., 2006). The highly conserved R
in the sensor I motif of AAA+ proteins is involved in sensing the presence or absence
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of the y-phosphate of the nucleotide and transmitting this information to the rest of
the protein by mediating conformational changes (Takken et al., 2006). Accordingly,
analysis of the crystal structure of CED-4 revealed that R273, which corresponds to
R296 from NRC1, indeed contacts the y-phosphate (Yan et al., 2005). Because of the
strong conservation of this residue it is highly likely that the analogous R in NRC1
and other STAND proteins also plays a role in nucleotide binding and possibly as a
y-phosphate sensor. This notion is further reinforced by the observation that R296
is located close to the phosphates of the ADP molecule, according to our structural
model (Fig. 5B and Supplementary Fig. S4). Requirement of an intact RNBS-B for
NB-LRR functioning has been demonstrated by the identification of loss-of-function
mutations in RPM1, N and Prf (Salmeron et al., 1996; Dinesh-Kumar et al., 2000;
Tornero et al., 2002). However, no gain-of-function mutations in this motif have
been reported. The R296Q mutation in NRC1 causes a strong auto-activity (Figure
3 and 4), which argues in favour of a predicted y-phosphate sensor function of this
residue. The substitution by the Q may mimic the presence of the y-phosphate, thus
ATP, and cause NRC1 to adopt the activated state.

We also identified gain-of-function mutations in (L483W) or close to (F4861) the MHD
motif of NRC1 (Figs. 3, 4, 5 and 6) (van der Biezen and Jones, 1998), whose capacity
to induce elicitor-independent HR has already been shown in NRC1 (Gabriéls et al.,
2007) as well as in other NB-LRRs (de la Fuente van Bentem et al., 2005; Tameling
et al., 2006; van Ooijen et al., 2008a; Maekawa et al., 2011; Williams et al., 2011).
An extensive mutational analysis performed in tomato I-2 to address the role of the
MHD motif in NB-LRR-triggered HR showed that mutation of not only the D but
also the H residue results in an increased HR, with variations in intensity depending
on the actual amino acid substitution (van Ooijen et al., 2008). In Apaf-1, the H of
this motif (H438) binds to the p-phosphate and might replace the sensor II function
in AAA+ proteins. The weak interaction of the ARC2 subdomain (winged-helix
domain) with ADP indicates that it is prone to conformational changes (Riedl et al.,
2005). This notion is further supported by recent crystallographic data on NLRC4,
a mammalian NLR protein, where the corresponding H443 from the winged-helix
domain also binds the (B-phosphate. Interestingly mutation of this residue also
cause auto-activity of the protein, likely by facilitating conformational changes and
attenuation of ADP binding (Hu et al., 2013).

The GLPL motif as a modulator of the activity of STAND NTPases

The highly conserved GLPL motif is located in the ARC1 subdomain of NRC1 and
five of the nine identified gain-of-function mutations were in (G350R and I355N) or
very close to (V356A, V357M and I358N) this motif (van der Biezen and Jones, 1998;
Pan et al., 2000), strongly indicating that it plays an important role in modulating
the defence signalling activity of this protein (Fig. 5). The GLPL motif, also known
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as the GxP motif, is highly conserved in STAND NTPases and has been suggested
to function as a hinge, facilitating NTP-dependent movement of the flanking
helices such that the ARC1 subdomain transmits these conformational changes to
the rest of the protein (Leipe et al., 2004). This hypothesis is supported mainly by
the characterization of loss-of-function mutants. For example, the HR induced by
transient expression of WT Rx is abolished by the combined mutations G330A and
P332A, targeting the G and P residues of the GLPL motif, respectively (Bendahmane
et al., 2002). Similarly, a G to E substitution in the GLPL motif of L6, an NB-LRR
from flax, compromises resistance to flax rust (Melampsora lini) (Dodds et al., 2001).
Analysis of the crystal structures of the STAND ATPases Apaf-1 and CED-4 point
out that the residues P321, 1.322 and S325 (P330, A331 and M334 in CED-4) of the
GLPL motif, are involved in nucleotide binding, by stabilizing the adenine and ribose
moieties through van der Waals contact (Riedl et al., 2005; Yan et al., 2005). Our
structural 3D modelling also supports the involvement of the analogous residues
(P352, 1353 and V356) in NRC1 (Figure 5).

Despite of the data available on compromised NB-LRR functioning due to mutations
in the GLPL motif, little is known about its potential to induce increased defence
signalling activity. In our NRCI screen, two mutant clones carrying either the
mutations G350R or V356A in the GLPL motif induced an elicitor-independent HR
(Fig. 3, Fig. 4 and Supplementary Table S1). It is interesting to note that mutation
of the same amino acid residue in different NB-LRR proteins leads to completely
opposite phenotypes. Substitution of the G residue by either an aliphatic one (A in
Rx; Bendahmane et al., 2002) or acidic amino acid (E in L6; Dodds et al., 2001),
resulted in compromised NB-LRR activity, whereas a mutation to a basic amino acid
(R) caused constitutive auto-activity in NRC1. A plausible explanation for this is
that while changes to a more bulky aliphatic or negatively charged amino acid might
abrogate nucleotide binding, the substitution of the G residue by a positively charged
amino acid likely results in a conformation that mimics the active ATP-bound state
of NRC1. This idea is in line with the current model describing NB-LRR functioning,
and which proposes that these proteins cycle between an “off” and “on” state, which
is tightly regulated by the bound-nucleotide and associated conformational changes
(Takken et al., 2006; Takken and Goverse, 2012). It would be of interest to determine
whether mutation of the G residue to an A or an E will result in reduced signalling
activity of NRC1, as observed for Rx and L6, respectively. Likewise, whether the
gain-of-function phenotype caused by the G350R mutation can be transferred to
Rx and L6 is also an interesting question to explore. In a recent publication, Harris
et al. (2013) reported the identification of five mutations (N147D, T178A, M293L,
V337A and G340R) in the NB-ARC domain of Rx that resulted in increased activation
sensitivity of the RxM1 (Rx™84P) mutant. Rx"4? has previously been shown to have
broader recognition specificity: unlike WT Rx, the RxM1 mutant recognises the
Coat Protein (CP) of Poplar Mosaic Virus (PopMV). However, it only confers partial
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resistance to this virus in transgenic N. benthamiana, resulting in a trailing necrosis
(Farnham and Baulcombe, 2006). The secondary sensitising mutations introduced
in the RxM1 mutant (N147D, T178A, M293L, V337A and G340R) turn the defence
response induced by PoPMV recognition more effective, resulting in a complete
resistance to this virus in transgenic N. benthamiana. Interestingly, transient
over-expression of each mutant in tobacco resulted in the induction of a weak HR,
indicating that they are actually mild auto-activating mutations (Harris et al., 2013).
All five mutations map to the nucleotide-binding pocket of Rx and are also in or
close to the conserved motifs, similarly to the mutations we identified in NRCI.
Strikingly, two mutations also map very close to the GLPL motif and one of them
(V337A) targets the same residue as in NRC1%"N, However, in the context of Rx the
V337A mutation acts cooperatively with the N147D mutation in the hhGREXE motif
(Harris et al., 2013). Overall, the finding that mutations in the GLPL motif can induce
auto-activity in NRC1 (as well as in Rx) supports the idea that this motif transmits
conformational changes associated with different nucleotide-binding states as
previously suggested (Leipe et al., 2004). Moreover, they also indicate that, similarly
to other highly conserved motifs in the NB-ARC domain of STAND proteins, the
GLPL motif can be manipulated to induce elicitor-independent HR.

Potential implementation of the newly identified NRCI1 gain-of-function
mutations

Stable (over)-expression of gain-of-function mutants of NB-LRRs induces
constitutive defence responses and can result in increased resistance to pathogens
(Li et al., 2001; Grant et al., 2003; Zhang et al., 2003; Tang et al., 2011). However,
this constitutive activation is often detrimental for plant development and fitness
(Grant et al., 2003; Zhang et al., 2003; Igari et al., 2008). As already mentioned,
mutations in the MHD motif are amongst the strongest ones identified in NB-LRRs,
likely imposing a limit to the implementation of such mutations in plant breeding.
Interestingly, site-directed mutagenesis in NRC1 revealed that NRC1 mutations
V356A, V357M and F486I induced an elicitor-independent HR that was slower
and less strong than the HR triggered by the D481V mutant, suggesting that these
mutations cause a milder auto-activation than the mutation in the MHD motif.
Hence, we anticipate that the potential developmental phenotypes associated with
stable expression of these NRC1 mutants in tomato are likely not as detrimental as
is the case for stronger mutations. Furthermore, the expression of these mutants
from the native NRC1 regulatory sequences instead of the constitutive CaMV 35S
promoter may also decrease the chance of an adverse effect on plant development.
If so, we predict that these mutations might be of significant potential for exploiting
NRCI1 to obtain broad-spectrum resistance in tomato. However, a major challenge
that still remains is to determine whether the increased signalling activity of NB-
LRRs, as identified by a faster triggering of cell death, is indeed directly associated
with increased resistance to pathogens.
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Materials and Methods

Plant material, growth conditions and in planta expression assays

Wild-type Nicotiana tabacum cv. SR1 plants were grown in the greenhouse under
16hrs of light at 21°C and 8hrs of dark at 21°C and 75% relative humidity.

In planta transient expression of proteins was performed by agro-infiltration
as modified from van der Hoorn (2000) (Tameling et al., 2010) unless specified
differently. For all in planta expression assays, Agrobacterium tumefaciens C58C1
containing the helper plasmid pCH32 was used (Hamilton, 1997).

Synthesis of the NRC1-NB-ARC mutant library

The mutant library of the NB-ARC domain of NRC1 was synthesised with the
GeneMorph II EZClone Domain Mutagenesis Kit (Agilent Technologies), following the
manufacturer’s instructions. Using primers Do79 (5'- GAGAGAAATTCGGCAAAATAA
GGCAC - 3') and Do80 (5'- TCCACAACAGAGGAATGAATGCACAAGCG - 3'), a PCR
reaction was performed to amplify the region encoding the NB-ARC domain of NRC1
from the SOL2120 plasmid (pENTR-D/TOPO-NRCI) with a blend of two error-prone
DNA polymerases that randomly introduce nucleotide mismatches (Mutazyme
II DNA polymerase, GeneMorph II EZClone Domain Mutagenesis Kit, Agilent
Technologies). The conditions of the PCR reaction, as well as the amplification
program, were selected to preferably obtain a low frequency of mutations (0 to 4.5
mutations per kb). 750 ng of the 1.1 kb fragment obtained in the first PCR reaction
was subsequently used as a mega-primer in a second PCR reaction using 75 ng
of SOL2120 as a template as indicated by the manufacturer. This resulted in the
replacement of the region encoding the wild-type (WT) NB-ARC domain of NRC1 by
the mutated ones, thereby generating chimeric NRCI DNA molecules in a Gateway-
compatible and high copy vector. To eliminate the template plasmid carrying wild-
type NRC1 (SOL2120), the product of the second PCR reaction was digested with
Dpnl (New England BioLabs) for 2hrs at 37°C, after which the DNA was purified
with the GFX PCR DNA Purification Kit (GE, Healthcare). The purified library was
transformed into electro-competent E. coli DH5a, 10% of the transformation mix
was plated and the plasmid of 20 colonies were subsequently verified by digestion
and sequenced to determine the mutation rate. The remainder of the transformation
mixture was grown as an overnight liquid culture to amplify the mutated plasmid
library. The plasmid library was isolated from this culture and then transferred to
a Gateway-compatible binary destination vector (SOL2092: pBINKS-35S-GTW-Tnos)
for transient expression in planta, by performing an LR reaction with LR Clonase
enzyme mix II (Invitrogen) according to the manufacturer’s instructions. The LR
reaction was then transformed into electro-competent E. coli DH5a. The binary
mutant library was isolated and transferred to A. tumefaciens. After transformation,
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plates were incubated for 48 hours at 28°C, and 1920 colonies were picked and
grown in 96 wells micro-titer plates containing 138 ul of L medium (kanamycin 50
mg/mL and tetracycline 25 mg/mL) at 28°C and shaking at 200 rpm for 72 hours.
Finally, 37.5 ul of 80% glycerol was added to each well and the mutant library was
stored at -80°C.

Screening of the NRC1-NB-ARC mutant library

Binary plasmids of the library containing the mutant NRCI DNA sequences
were expressed in leaves of four-weeks-old N. tabacum cv. SR1 plants by agro-
infiltration. Individual A. tumefaciens colonies were grown by transferring 5 ul of
the glycerol stocks into a new 96 wells micro-titer plate, containing 195 ul of L
medium (kanamycin 50 mg/mL and tetracycline 25 mg/mL) and grown for 48 hours
at 28°C while shaking at 200 rpm. To prepare for agro-infiltration, the plates were
centrifuged for 6 minutes at 3600 rpm in a swing-out rotor and the supernatant was
decanted. After re-suspending the bacterial pellets in 100 ul MMAI (van der Hoorn et
al., 2000) the OD_, of ten wells was measured, based on which the OD_  was adjusted
for all wells with MMAIi to a final value of 1. On each plate, NRC1"" (SOL1633,
PBINKS-35S::NRC1""-tNOS) and NRCIP*'V (SOL1639, pBINKS-35S::NRCIP*#V-tNOS)
were included as controls and infiltrated at an OD_ of 1 and 0.1 respectively. A
lower OD_ , for NRCI1P*"was chosen due to its strong auto-activity (Gabriéls et al.,
2007). On average, 150-200 ul of bacterial culture were infiltrated in fully expanded
tobacco leaves, in between two side veins. Each leaf typically included six mutant
colonies and both of the above-mentioned controls. Development of cell death was
monitored daily and pictures were taken at 7 days post-infiltration (dpi).

A. tumefaciens colonies carrying mutant NRCI plasmids that upon in planta
expression induced an elicitor-independent cell death were considered for further
analysis. To confirm the phenotype, an individual colony was picked from the
glycerol stock of each mutant after plating and grown as modified from van der
Hoorn et al. (2000) (Tameling et al., 2010). Plasmid DNA was isolated from the A.
tumefaciens colonies with a confirmed elicitor-independent cell death activity and
transformed into electro-competent DH5a. Subsequently, plasmids were verified by
digestion before proceeding with sequencing to identify the mutations.

Site-directed mutagenesis of NRC1-NB-ARC

To identify the mutations in the region of the DNA encoding the NB-ARC domain of
NRC1 responsible for the auto-active phenotype, each nucleotide substitution was
independently introduced in the open reading frame of NRC1""using the QuickChange
Site-Directed Mutagenesis Kit (Stratagene). For each mutation, complementary
forward and reverse primers, which included the nucleotide mismatch, were designed
following the manufacturer's recommendations (Supplementary information).
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Mutations were introduced individually into SOL2120 with a PCR reaction. Mutant
clones were checked by digestion with restriction enzymes and the presence of
the mutations was further confirmed by sequencing. Finally, binary vectors for in
planta expression were obtained by performing an LR reaction with Gateway LR
Clonase enzyme mix II (Invitrogen) using SOL2092 as a destination vector. Positive
clones were transformed into A. tumefaciens and cell death-inducing activity was
tested as explained above.

3D model of the structure of the NB-ARC domain of NRC1

The complete amino acid sequence of NRC1 was used to delineate protein domains
with the domain linker predictor (Miyazaki et al., 2002), whereas motifs and patterns
were assessed with Pfam (Finn et al., 2010) and Prosite (Sigrist et al., 2010). Overall,
secondary structure prediction resulted in a consensus out of several top performance
secondary structure prediction methods. Propensities of the three aspects of
intrinsic disorder — coils, missing coordinates and high B-factor — were assessed
with DisEMBL (Linding et al., 2003), IUPRED (Dosztanyi et al., 2005) and DISOPRED
(Ward et al., 2004) and translated into a disorder score for each amino acid position in
the sequence. Sequence alignments and interactive threading were performed with
MULTALIN (Corpet, 1988), ClustalW (Thompson et al., 1994) and SLIDE (Hanganu et
al, 2010). Molecular modelling was performed on a Silicon Graphics Octane Station,
using the InsightII software suite from Accelrys. In sequence-conserved regions
(SCR) the model was generated by coordinate transfer and side chain reconstruction,
while the sequence-variable regions (SVR) were randomly generated and filtered by
steric constraints, followed by successive rounds of simulated annealing and energy
minimization. Steric conflicts were further relieved by global simulated annealing
with absolute positional harmonic restraints on backbone atoms found in definite
secondary structure states (H, I, E), followed by energy minimization. Finally, model
quality was evaluated globally with MetaMQAP (Pawlowski et al., 2008) and locally
with PROCHECK V.3.4.4. (Laskowski et al, 1993) for crystallographic standards
compliance.

Multiple sequence alignment

All identified amino acid mutations were introduced in silico into the sequence of
the NB-ARC domain of NRC1 to generate NRC1MUT. Multiple sequence alignment of
the NB-ARC domain of NRC1"T, NRC1MYT and selected NB-LRRs from diverse plant
species was performed with ClustalW.
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Supplementary information

Supplementary Table S1: Sequencing results of the region of NRCI encoding the NB-ARC domain in the
12 mutant clones that induce an elicitor-independent HR upon transient expression in tobacco.

Out of 1920 NRCI mutant clones, the 12 that consistently induced an elicitor-independent HR in tobacco
were sequenced. Numbers correspond to the position in the full length gene or protein. Amino acid
substitutions responsible for the gain-of-function phenotype are indicated in black.

Mutant Nucleotide change Amino acid substitution
A T1067C V356A
B T465G D155E

A785T Y262F

G1021A G341R

C Gb583A A195T
Al181G K394R

T1448G L483W

D A762G E258G
T1184C L3958

A1394T V465E

E T1064A I355N
Al1069G S366G

G887A R296Q

G A953G E318G
C1069A V357M

H A785G Y262C
A996T K332N

T1228C C410R

A1358G Y453C

T1446A F4861

I A955G S319G
T1073A I358N

J T473A V158E
A709G T237A

T839C 1280T

A1505C K502T

K G1048A G350R
G1048A R296Q
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Controls

NRC1D481V

Mutant B

NRC1D155E NRC1Y262F NRC1G341R NRC1A195T NRC1K394R

Mutant D Mutant E Mutant G

NRC1L3858 NRC1S8386G NRC1E318G

Mutant H

NRC1Y453C

NRC1Y282C NRC1K332N NRC1C410R

Mutant | Mutant J
NRC1S319G NRC1T237A NRC11280T NRC1K502T

Supplementary Figure S2: Many of the identified missense mutations in the region encoding the NB-ARC
domain of NRC1 do not individually result in the induction of an elicitor-independent HR

The listed mutations were independently introduced in the coding region of NRC1"“"as described in Materials
and Methods. Mutant proteins were expressed in tobacco by agro-infiltration and the development of cell
death was assessed. At 7dpi leaves were photographed. Transient expression of NRC1W" (white dashed
lines) and NRC1”*" (red dashed lines) was included as a negative and positive control, respectively. For
mutations that induce elicitor-independent cell death see Figure 3.
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Supplementary Fig. S3: Gain-of-function mutations in the NB-ARC domain of NRC1 primarily localize
in and close to the GLPL motif and correspond to residues of a different degree of conservation within
NB-LRRs
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Random mutagenesis identifies gain-of-function mutations in the GLPL motif of NRC1

Amino acid alignment of the NB-ARC domain of NRC1 and other NB-LRRs, depicting the location and
conservation of the residues that have been mutated in NRC1. The amino acid sequences of the NB-
ARC domains of the different proteins were aligned with ClustalW. NRC1_MUT combines all missense
mutations identified in the random mutagenesis screen. Blue, gain-of-function mutation; green, loss-of-
function mutation; orange, mutations which increase the HR-inducing activity of NRC1 cooperatively
but not individually (D155E, Y262F and G341R); red, previously reported gain-of-function mutations
(Bendahmane et al., 2002; Tameling et al., 2006; Gabriéls et al., 2007; Gao et al., 2011; Roberts et al.,
2013); purple, NRC1 mutation that is predicted to provide auto-activity (V365E). Amino acids predicted to
be involved in nucleotide binding based on the crystal structure of Apaf-1 are indicated with a black star.
Numbers correspond to the amino acid position considering the first amino acid of the full length protein
as position one.

Supplementary Fig. S4: Location of the identified nine gain-of-function mutants in the NB-ARC domain of NRC1

3D-model of the NB-ARC domain of NRCI indicating the location of the targeted residues in the gain-of-
function mutants. The amino acid residues 160 to 443 from the NRC1 full-length protein were modelled
for its 3D structure, based on the crystal structure of Apaf-1 as described in Materials and Methods. Light-
blue, conserved motifs of the NB-ARC; red, positions corresponding to the nine identified gain-of-function
mutations; pink, ADP molecule. Side chains of important residues are depicted as sticks. The dot projection
(in red) displays the solvent-accessible surface.
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CHAPTER 5

Abstract

Hydrolases play important roles during Programmed Cell Death (PCD) in plants.
Plant PCD is regulated by lipases, Vacuolar Processing Enzymes (VPEs), subtilases
and the proteasome. Despite the importance of these enzymes, little is known about
when these hydrolases are active during PCD. Here, we investigated hydrolase
activities during PCD using Activity-Based Protein Profiling (ABPP). ABPP displays
the active proteome using small molecule probes that react covalently with the active
site of enzymes. We studied hydrolase activities in tomato seedlings undergoing a
synchronized hypersensitive cell death by co-expressing the avirulence protein Avr4
from the extracellular tomato pathogen Cladosporium fulvum and the corresponding
tomato resistance protein Cf-4. Hypersensitive cell death is blocked in Cf-4/Avr4
seedlings grown at high temperature and humidity, and is subsequently synchronously
induced by lowering the temperature and humidity. ABPP on this synchronized PCD
system revealed that VPEs and the proteasome are not differentially active, but that
activities of papain-like cysteine proteases and several serine hydrolases, including
the carboxyesterase Hsr203 and the subtilase P69B, dramatically increase upon
transfer of the seedlings to the PCD-permissive conditions, whereas the activity of
a carboxypeptidase-like enzyme is reduced. Similar dynamics were observed in the
apoplast of resistant tomato challenged with C. fulvum, except that we now also
detected the appearance of novel isoforms of secreted putative VPEs. Importantly,
in the Cf-4/Avr4 seedlings differential hydrolase activity can be uncoupled from the
cell death response at the condition of 100% relative humidity and 20 °C, since the
temperature drop by itself does not induce cell death as long as the humidity remains
high. Under high humidity, the hydrolase activity profile alters completely, while the
plants behave normally, demonstrating that changes in hydrolase activities precede
hypersensitive cell death.
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Introduction

Programmed Cell Death (PCD) is a highly controlled process that occurs in both plants
and animals during developmental processes and the immune response. In the context
of infection by pathogens, multiple types of PCD have been described in mammals;
with apoptosis being the best characterized (Coll et al., 2011). The Hypersensitive
Response (HR) involves a plant-specific type of PCD elicited in the event of pathogen
recognition (Heath, 2000). A diverse spectrum of cytological changes are associated
with HR, some of which are also shared by animal PCD, examples of which are
cytoplasmic shrinkage, chromatin condensation and mitochondrial swelling (Mur
et al., 2008). Processes such as vacuolization and chloroplast malfunctioning occur
during the last stages of HR and are specific to plant PCD.

The HR is generally, but not always, part of a more complex defence response
that leads to resistance to pathogens (Kacprzyk et al., 2011). This form of PCD is
often thought to be the ultimate resource to stop invasion of biotrophic pathogens,
which depend on living tissue to complete their life cycle. HR is initiated as the
consequence of the recognition (either direct or indirect) of the matching pathogen-
derived effector by a plant immune receptor. Such effectors are also known as
avirulence (Avr) proteins or specific elicitors. Resistance (R) genes encode immune
receptors and the R gene-mediated defence response in plants is often race-specific,
meaning that the expression of a particular R gene confers resistance only against
a pathogen species when it harbours the matching effector protein (Romeis et al.,
1999; Dodds et al., 2006).

Cladosporium fulvum is a foliar, biotrophic fungal pathogen that colonises the
extracellular space of tomato leaves (de Wit, 1977; Joosten and de Wit, 1999;
Thomma et al., 2005). As a result of their co-evolution, tomato has acquired specific
R proteins encoded by Cf genes, capable of recognising particular Avr proteins of C.
fulvum, after which a defence response is activated. We have previously reported
the development of a simple and robust synchronised system to study HR in tomato,
which we have named “Dying Seedling” (DS) (de Jong et al., 2002; Gabriéls et al.,
2006; Stulemeijer et al., 2009). The DS are tomato hybrid (F1) plants obtained from
a cross between transgenic Parental Lines (PL) expressing either the tomato R gene
Cf-4 (Hcr9-4D; Thomas, 1997) or the corresponding avirulence gene from C. fulvum,
Avr4. Since the DS express the Cf-4/Avr4 gene pair in the same tissue, they undergo
defence responses which will culminate in the death of the tomato seedling (de Jong
et al., 2002). Importantly, activation of HR in these plants can be strictly controlled
by manipulating the growth conditions, thereby turning the DS into an extremely
versatile biological system to study defence-related hypersensitive cell death. The
HR is inhibited when plants are grown at high temperature (33°C) and high relative
humidity (100% RH) (de Jong et al., 2002; Gabriéls et al., 2006; Stulemeijer et al.,
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2009). Therefore, at this non-inductive condition, seedlings remain alive and are
phenotypically identical to the PLs. In previous studies with DS, the induction of
defence was carried out by transferring the seedlings to a condition of 20°C and at
70% humidity. Under these conditions, plants would die within 8 hours (de Jong et al.,
2002; Gabriéls et al., 2006; Stulemeijer et al., 2009). However, we recently discovered
that the transfer from the standard non-inductive condition to a situation in which
only the temperature is lowered (from 33°C to 20°C) does not induce cell death, as
the plants remain phenotypically unaltered for several days (Etalo et al., 2013). It is
the successive drop in the humidity (from 100% to 70% RH) that ultimately causes
plants to die within 90 minutes (Etalo et al., 2013). In this study we characterized
this synchronized HR, by studying proteome activities using Activity-Based Protein
Profiling (ABPP).

ABPP displays the activity of different protein families and is based on the use of
small molecule probes that react with the active site of proteins in an activity-
dependent manner. Most probes consist of inhibitors to which a tag, such as biotin
or a fluorescent reporter, has been added to facilitate detection (Cravatt et al., 2008;
Kotodziejek and van der Hoorn, 2010). Upon incubation of the proteome with the
probe, only proteins that contain an accessible active site residue will covalently bind
to the warhead of the probe (the inhibitor itself) and become irreversibly labelled.
ABPP is emerging as a powerful platform to identify the differential activities of
proteins acting at the plant-pathogen interface (Kaschani et al., 2009; van der Linde
et al., 2012; Lozano-Torres et al., 2012; Shindo et al., 2012).

The DS represent a highly sensitive and robust system to study plant PCD in the
context of an immune response. Since tomato produces a wide variety of hydrolytic
enzymes aimed at establishing a defence barrier against C. fulvum, and because
some of these enzymes might be involved in the HR, we used ABPP to investigate
the active proteome of tomato seedlings undergoing HR. Unexpectedly, these assays
revealed that Serine (Ser) Hydrolases (SHs) and Cysteine (Cys) protease activities
change before macroscopic cell death occurs. We speculate on the possible effects of
temperature and humidity on the activation of Cf-4/Avr4-dependent PCD.

Results

Dynamics of protease activities in tomato seedlings undergoing synchronized HR

To induce a synchronised HR, three-weeks old tomato seedlings of the Parental Lines
(PLs) and the Dying Seedlings (DS) (Fig. 1A) were transferred from the non-inductive
conditions (33°C and 100% RH) to the inductive conditions (20°C and 70% RH) in
two consecutive steps (Fig. 1B). First only the temperature was lowered from 33°C
to 20°C and then three days later, the relative humidity was lowered from 100% to
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70%. We have named these time points t0, (just before lowering the temperature)
and t0, (at the moment of lowering the humidity). This final condition (20°C and 70%
RH) causes a very rapid and synchronous systemic cell death in the DS within 90
minutes, while the phenotype of the PLs remains unaltered. In order to study enzyme
activities during this synchronized PCD process, leaf material was harvested for the
PLs and DS at t0,t0,and at 30, 60 and 90 minutes after t0, (Fig. 1B).

Figure 1: Experimental design for generating the
synchronized hypersensitive response

(A) Parental lines (PLs) expressing the resistance
4 : gene Cf-4 (Hcr9-4D) or the Avr4 effector gene from
L;r::ta C. fulvum are crossed to obtain F1 hybrid seeds. F1
C10:Her9-4D CI0:Avrd seedlings are symptomless when grown at elevated
temperature (33 °C) and 100% relative humidity.
Lowering only the temperature (to 20°C) does not
cause any symptoms, but a subsequent drop in
Lower m Lower m Dying o . ..
temperature humidity Seeding ~ humidity causes synchronized hypersensitive cell
death, hence the name ‘Dying Seedlings’ (DS).

Parentallines 1 O Y Y Y OO O (B) Two-stage induction of synchronized cell death.
Dying seediings 71> 1 € e M m Seedlings are grown at 33°C and 100% humidity for
three weeks. At time-point t0,, the temperature is
lowered to 20°C and seedlings are kept for three days
at 100% humidity. At time-point t0,, the humidity is
lowered to 70% and subsequently samples are taken
at 30, 60, and 90 minutes. The DS are symptomless
(3weeks) (3 days) (minutes) until t0, and collapse within 90 minutes after t0,.

The PLs, that do not develop any symptoms upon

exposure to the same treatment, are taken as control.

Temperature:
Rel. humidity:

Time points: IT :Joz 30 60 90

Activities of the proteasome and Vacuolar Processing Enzymes (VPEs) are
differentially regulated during defence signalling (Xia et al., 2004; Hara-Nishimura
et al., 2005; Gu et al., 2010; Misas-Villamil et al., 2013). The proteasome is required
for the HR induced in Arabidopsis by avirulent Pseudomonas syringae (Hatsugai
et al., 2009), whereas VPEs are required for Tobacco Mosaic Virus (TMV)-induced
HR in Nicotiana benthamiana (Hatsugai et al., 2004). We investigated whether
these protease activities were also altered in our DS system. To this end, extracts
from PLs and DS were prepared and separated on protein gel to show equal protein
amounts (Fig. 2A). Next, these extracts were labelled with activity-based probes to
display activities of the proteasome and VPEs. Proteasome activities are detected
with MV151, a probe which contains vinyl sulfone as a reactive group and a Bodipy
fluorophore for detection (Verdoes et al., 2006; Gu et al., 2010). Incubation of the
proteome of both the PLs and DS with MV151 resulted in two 25 kDa signals (Fig.
2B). These signals represent the catalytic subunits (p1, f2 and B5) of the proteasome
since pre-incubation with the proteasome selective inhibitor epoxomicin blocked
labelling (Supplementary Fig. S1A) (Gu et al., 2010). Surprisingly, labelling was
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uniform throughout the time course of the experiment, suggesting that no changes
in proteasome activity occur upon activation of the Cf-4/Avr4-triggered HR.

Labelling of the seedling proteomes with the fluorescent probe AMS101, which
targets VPEs (Misas-Villamil et al., 2013), caused two signals of about 40 kDa (Fig.
2C). The signals have been reported earlier for tomato leaf extracts and represent
both the intermediate (i) and mature (m) isoforms of VPEs (Misas-Villamil et al.,
2013). Labelling of these proteins was blocked upon pre-incubation with caspase-1
inhibitor YVAD (Supplementary Fig. S1B), which inhibits VPEs (Misas-Villamil et al.,
2013), thus confirming that the signals represent VPEs. Unexpectedly, the labelling
pattern of VPEs of DS was similar to that of PLs and did not change during the
time course (Fig. 2E). Taken together, these observations indicate that the activity of
neither the proteasome nor VPEs is differentially regulated in the DS.

Figure 2: Dying seedlings display unaltered
& T —— vacuolar—nroces.sgl;.z enzx./mes (VPE). a.nd
T30 50 50.'m1 20 60 90 proteasome activities and increased papain-like
— cysteine protease (PLCP) activity
——
= F“

Total protein was extracted from parental lines

50
(PLs) or dying seedlings (DS) and immediately
CeB separated on protein gel (A) or labelled with 2uM
MV151 254 MV151 (B), 2uM of AMS101 (C), or 1uM of DCG-

— .
[2 pM] '- =.= 8‘3 < 125 g4 (D). After labelling, proteins were separated in
C e protein gels and analysed by coomassie staining
- — — — . .
AMsI01 .- [<MPE (A,E), fluorescence scanning (B, C), or protein

[2 uM] e - f
WIFE blotting using streptavidin-HRP (D).
D Pareridities Dying seediings (A) Equal protein levels upon extraction in PLs and DS.
101102 30 60 90 90 90 101102 30 60 90 (B) Activities of the proteasome are not up-
DCG-04: + + + + + + - + + + + + regulated in DS. B1, 2 and 5 refers to the p-1, -2
E-64: - - =% 2(!'| uM] .
and -5 subunits of the proteasome.
< C14
e (C) Activities of VPEs are unaltered in DS. iVPE,
- - = . .
25 .- S [ PIP1 intermediate VPE; mVPE, mature VPE.
E 50 DR e @ Be B & = = |<RaCL (D) Increased activity of PLCPs in DS.
cBeB (E) Reduced protein accumulation in the DS

during labelling reaction coincides with increased
PLCP activity.

We next displayed activities of Papain-Like Cysteine Proteases (PLCPs) using DCG-04.
This activity-based probe is a biotinylated version of E-64, an irreversible inhibitor of
PLCPs (Greenbaum et al., 2000), and has been used to display the activities of PLCPs
in plants (van der Hoorn et al., 2004; Richau et al., 2012). Labelling of protein extracts
from the PLs and DS with DCG-04 revealed signals derived from three proteins of
25, 30 and 40 kDa (Fig. 2D). These signals were not detected upon pre-incubation
with a saturating amount of the PLCP inhibitor E-64, which also covalently binds
to the active site of PLCPs and therefore inhibits labelling with DCG-04. Based on
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previous studies, we conclude that the 25 kDa signal represents PIP1 (Phytophthora-
Inhibited Protein 1) and the 35 kDa signal represents Cl4 (Tian et al., 2007;
Shabab et al., 2008; van Esse et al., 2008). Importantly, this assay revealed a strong
induction of PIP1 in the DS; with a peak signal at 30 minutes (Fig. 2D). C14 followed
a similar pattern of induction as PIP1, although its activity levels were much lower.
Surprisingly, in both PLs and DS PIP1 activity was already increased at t0, (20°C and
100% RH) when compared to t0, (33°C and 100% RH) (Fig. 2D). Therefore, this activity
must have been induced upon the temperature shift. This observation implies that
some of the molecular changes related to HR already occur before lowering the
humidity, even though the DS do not display any symptoms under these conditions.

Unexpectedly, after staining the protein membrane with coomassie to confirm
equal protein loading, we detected a clear reduction in the amount of the large
subunit of RuBisCO (RBCL) in the extracts that originated from the DS (Fig. 2E). This
reduction was repeatedly observed in most of our experiments, despite the fact that
equal protein amounts were loaded based on protein concentration measurements
and when protein extracts were immediately separated on protein gels (Fig. 2A).
Interestingly, the samples showing reduced RBCL levels were the same ones showing
increased PLCP activity; namely the DS at t0, and the time points thereafter (Fig.
2E). We also noted that RBCL levels were lower in samples that required longer
labelling times (data not shown), which suggests that degradation occurred after
protein extraction, possibly by increased PLCP activities or other concomitantly
induced proteases.

Dynamic changes in the activity of intracellular and extracellular serine
hydrolases during HR

Serine Hydrolases (SHs) are another class of hydrolytic enzymes, whose activity
has been shown to respond to infection in other plant-pathogen systems (Kaschani
et al., 2009). SHs carry an active site S residue and include proteases, lipases,
acyltransferases and esterases. To study SHs in the DS we used tri-functional
nitrophenolphosphonate (TriNP), a probe containing a phosphonate warhead, a
fluorophore for in-gel fluorescence visualization and biotin for affinity purification
of labelled proteins (Nickel et al., 2012). Analysis of the activity profile of SHs in
total protein extracts of the tomato DS revealed several signals that were absent in
the no-probe control (Fig. 3A). Moreover, the drop in the temperature changed the
activity profile dramatically. A 70 kDa signal (#1) appeared in both PLs and DS, but
was much stronger in the DS (Fig. 3A). A 50 kDa signal (#2), which was present in
both PLs and DS, remained constant in the PLs at the different time points, but was
clearly reduced in the DS upon dropping of the temperature (t0,) and remained low
upon dropping the humidity as well (Fig. 3A). Furthermore, a 40 kDa signal (#3)
increased upon the temperature shift in both the PLs and DS, but was again much
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stronger in DS (Fig. 3A). Other low molecular weight signals (below 40 kDa) also
appeared only in the DS samples at t0, and later time points (Fig. 3A). The activity
profile of the DS at t0, was identical to the one of the PLs, indicating that there are
no major differences in SH activity between PLs and DS at non-inductive conditions
(33°C and 100% RH).These results demonstrate the involvement of differential SH
activity in the DS.

A Total extract B Apoplastic fluid
Parental lines Dying seedlings Parental lines Dying seedlings
Time: t01t02 30 60 90 90 t01t02 30 60 90 90 (min.) Time: t01 t02 40 t01 t02 40 40 (min.)
TriNP: + + + + + - + + + + + - [1uM] TiNP: + + + + + + - [1uM]
g — — - i ~{ ﬂ
727 - g 72— g
d ---.ﬂ- < 2
W — 1 < 2
40 — ©
J — <
40 el DRSS a3 = ?
Fluorescence Fluorescence

Figure 3: Dying seedlings display dynamic alterations in the activities of Serine hydrolases

Total protein (A) or 20ul of apoplastic fluid (AF) (B) obtained from the parental lines (PLs) and dying seedlings
(DS) at the indicated time points was incubated either with or without trifunctional nitrophosphonate
(TriNP). Fluorescently-labelled proteins were detected by fluorescence scanning. Major differential signals
are indicated by arrows and numbered (1-3).

(A) Differential SH activities in total protein extracts of the DS.
(B) Differential SH activities in the AF of the DS.

We next investigated whether some of the differential SH activities were extracellular
proteins. To this end, we performed a labelling experiment on Apoplastic Fluid (AF)
extracted from the PLs and DS at t0 , t0, and 40 minutes after the induction of the HR.
This early time point was chosen to avoid that leakage from the cytoplasm due to cell
death could contaminate the AF with cytoplasmic proteins. Similar to the profiling
of total extracts, the 70 kDa signal (#1) increased in intensity at t02 in the AF of both
the PLs and DS (Fig 3B). However, this increase was much stronger in the DS, once
again implying a specifically increased activity of this SH in the Cf-4/Avr4-triggered
HR. In addition, the 50 kDa signal (#2) decreased in the DS at t0,, showing the same
behaviour as in total extracts (Fig 3A). The 40 kDa signal (#3) appeared to be reduced
in AF as compared to total extracts, suggesting that the most abundant SH causing
this signal is intracellular. Moreover, several signals, generated by proteins of lower
molecular weight, appeared at t0,in the AF of the DS (Fig. 3B). To conclude, several
differential SH activities detected upon the temperature shift are secreted proteins.
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Identification of differentially active SHs

To identify the enzymes responsible for the differential SH activities, we affinity-
purified TriNP-labelled proteins and identified them by Mass Spectrometry (MS).
MS analysis of the purified proteins uncovered 12 SHs belonging to four main
protein families. Most of these proteins were absent in the no-probe control and
many were detected in two independent experiments (Fig. 4A-B). The 70 kDa signal
#1 (Figs. 3 and 4A) comprised three S8 subtilisin-like proteases: Solyc08g079870
(P69B), Solyc08g079900 (P69C) and Solyc10g084320 (Fig. 4B). The increased labelling
intensity of the 70 kDa signal in the DS confirms an increased P69 activity during the
Cf-4-mediated defence responses. The 50 kDa signal (#2) (Figs. 3 and 4A) contained
Serine CarboxyPeptidase-Like protein (SCPL), Solyc11g066250 (Fig.4B). The decreased
signal intensity of the 50 kDa signal indicates that the activity of this SCPL is down-
regulated during immune responses in the DS (Fig. 3 and 4A). In addition, the 40 kDa
signal (#3) (Figs 3A and 4A) included several CarboXylEsterases (CXEs) (Fig. 4B). The
most abundantly detected CXE is the tomato ortholog of the tobacco Hsr203 (Pontier
et al., 1994; Pontier et al., 1998), indicating that increased Hsr203 activity is causing
increased labelling of the 40 kDa signal in the DS. Finally, in signal #4 (Fig 4A), we
identified an alpha-hydroxynitrile lyase (AHL, Solyc03g044790) (Fig. 4B). Overall,
these results revealed the up-regulated activity of P69 and CXEs dominated by
Hsr203 and the down-regulation of a SCPL, preceding the hypersensitive cell death.

A B C
Parental lines Dying seedlings
TrNP: + s g % Spectra Relative transcript level

A i Name n NP+ NP-  DS/PL(t01)  DS/DL(t02) DS/PL(90")
Solyc08g079870.1.1 P69B 2 81 0 414143 | 13.83:8.28 = 32.74+20.9
[ 1[ 1[88 1L H 1‘|Solyc089079900.1.1 P69C 1 556 0  4.14x1.43 [ 13.83:8.28 | 32.74+20.9
70— Solyc10g084320.1.1 S8 13 0 0.524¢0.21 _ 0.86:0.14  1.0840.13
Solyc11g066250.1.1 SCPL/S10 2 2348 5 0.73:0.58 [IOIOSE0I02M10.17£0.04
[ | [ 1[4t ][ 27| Solyc02g069800.1.1 HSR203 2 14467 0 4541011 | 13.50£2.81 7.11:3.10
Solyc099075670.1.1 CXE 2 6301 38 1.49:0.69  1.81+1.28 = 6.50£2.47
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Figure 4: Differential Serine Hydrolase (SH) activities are dominated by P69, SCPL and HSR203 and are

regulated at the transcriptional level

(A) Identification of labelled SH by mass spectrometry. Leaf extracts from the parental lines (PLs) and
dying seedlings (DS) were harvested at 90 minutes after lowering the humidity and incubated either with
(4+) or without (-) the trifunctional nitrophosphonate (TriNP) probe. Labelled proteins were purified on
streptavidin columns and separated on SDS gels. Fluorescent bands 1 to 4 were excised from all four lanes
and proteins were identified by mass spectrometry.

(B) The experiment was repeated twice and spectral counts for each protein are summed up for both
experiments (n) for the samples labelled with (NP+) or without (NP-) the probe.

(C) Fold changes in the transcript levels of the identified SHs at t0,, t0, and 90 minutes time point. RNA
was isolated at t0, t0, and 90 minutes after dropping the humidity and used for quantitative RT-PCR. The
DS/PL ratio was calculated for three independent experiments and shown as an average. Errors represent
standard deviation from three experiments. Note that due to high sequence identity, transcript levels of
P69B and P69C were detected with the same primer set and can therefore not be distinguished from one
another. See Fig.S2 for more details on transcript levels.
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We next used real time RT-PCR to determine the relative transcript levels of the
genes encoding the labelled identified proteins (Fig. 4B-C). For that purpose, relative
expression levels were determined at 90 minutes after the humidity drop and at
t0, and t0,. Quantitative RT-PCR analysis revealed that the transcript levels of
P69B and P69C increased progressively in the DS as compared to the PLs, with fold
change values of 4.14 at t0, to 32.74 at t=90 minutes (Fig. 4C). This augmented
expression of the P69s is in accordance with the increased labelling of the 70 kDa
signal (#1) in the DS. Transcript levels of the SCPL in the DS were 33 and 6 times
lower than in the PLs at t0,and t=90 minutes, respectively, which is consistent with
the reduced fluorescent signal at 50 kDa (#2; Fig. 3A and Fig. 4A-B). Of the CXEs
detected in the 40 kDa signal (#3), Hsr203 expression was 13-fold up-regulated at
t0,, but less at t=90 minutes. In contrast, late up-regulated transcript levels were
detected for the CXEs Solyc01g108580, Solyc09g075670 and Solycl0g054780,
although not as high as for Hsr203; whereas transcripts of the three remaining CXEs
(Solyc01g108530, Solyc05g051660 and Solyc09g075680) were unaffected. Taken
together, the regulation of gene expression seems to underlie the changes in these
major protein activities. Interestingly, although both gene expression and protein
activity patterns correlated, the dynamics of these changes were different. When
considering transcriptional patterns, the changes occurred either progressively (as
in the case of P69s) or transiently (for SCPL and Hsr203). However, SH labelling at
these time points did not change accordingly (Fig. 3A). Therefore, since changes in
transcript levels are not fully correlating with protein activity, P69s, SCPL and CXEs
are probably regulated at additional levels than just gene expression alone.

Early and late hydrolase activities in the apoplast of infected tomato are
responsive to inoculation with C. fulvum

To determine whether differential PLCP, VPE and SH activities also occur during
infection by pathogens we studied their hydrolytic activities in the tomato-C. fulvum
patho-system. To this end, susceptible (Cf0) and resistant (Cf-4) tomato plants were
inoculated with C. fulvum producing Avr4. AF was extracted from the inoculated
leaves at different time points and the proteins were labelled with the respective
probes for PLCPs, VPEs and SHs. Detection of PLCPs in the AF of tomato plants was
performed with the probe MV201, a fluorescent derivative of E-64 (Greenbaum et al.,
2000) which, like DCG-04, specifically labels PLCPs (Richau et al., 2012). Labelling
showed a 25 kDa signal in the AF of susceptible plants strongly increasing from 10 to
14 days post inoculation (dpi) with C. fulvum (Fig. 5A). The signal was not detected
upon pre-incubation of a mix of all AF with a saturating amount of E-64, indicating
that indeed PLCP activity is detected at the different time-points (Fig. 5B). In the
AF of resistant plants this signal appeared earlier (6 dpi) than in susceptible plants
and declined at 14 dpi (Fig. 5A, long exposure panel). The earlier appearance of the
25 kDa signal in resistant compared to susceptible plants resembles the behaviour
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of Pathogenesis-Related (PR) proteins, whose accumulation increases earlier in
incompatible interactions as compared to compatible ones (Joosten and de Wit,
1988). It is therefore evident that the defence response activated upon recognition of
Avr4 by Cf-4 triggers an increase in the extracellular activity of PLCPs. Interestingly,
no clear PLCP activity was detected in the AF of non-inoculated plants (susceptible
and resistant, t=0 dpi, Fig. 5A), suggesting that pathogen challenge strongly induces
PLCP activity. Based on its molecular weight and previous MS experiments (Tian et
al., 2007; Shabab et al., 2008; van Esse et al., 2008), we speculate that the majority
of the labelled PLCPs represents PIP1 activity. Importantly, the signal intensities
resemble the signals observed when labelling total extracts of the DS (Fig. 2A),
confirming that the DS system is a proper representation of the events occurring in
a tomato plant upon challenge with C. fulvum. We also detected increased labelling
of two bands of around 35 and 40 kDa which are likely the mature (mC14) and
immature (imC14) isoforms of C14, respectively. As for PIP1, C14 labelling increased
in time in both susceptible and resistant tomato plants. However, this occurred
faster and stronger in the resistant plants, once again resembling the behaviour of
PR proteins.

The AF of susceptible and resistant tomato plants inoculated with C. fulvum was also
tested for VPE activity. Interestingly, we detected AMS101-labelling in the apoplast
of tomato plants before inoculation (t=0 dpi) with the pathogen (Fig. 5C). These
activities probably represent the putative intermediate (iVPE) and mature (mVPE)
isoforms of VPE (Fig. 5C). Unexpectedly, new signals appeared upon inoculation with
C. fulvum of both susceptible and resistant tomato. These signals were not detected
upon pre-incubation of the protein sample with the VPE inhibitor YVAD, indicating
that they represent VPE-like activity (Fig. 5D).

We also performed activity profiling for SHs in the AF of C. fulvum-inoculated
tomato, using a rhodamine-tagged nitrophenol phosphonate probe (RhNP) (Nickel et
al., 2012). Four clear signals (#1 to #4) were detected in the AF of susceptible plants
(Fig. 5E). All signals increased in intensity after inoculation with C. fulvum (Fig. 5E),
in both susceptible and resistant tomato plants. However, similar to the timing of
the increase in PLCP activity (Fig 5A), the SH activity in the AF of resistant plants
accumulated faster and stronger than in susceptible plants. Quantification of the
fluorescence intensity confirmed that the intensity of all bands was nearly always
higher in the resistant plants than in the susceptible plants (Fig. 5F). MS analysis of
differentially labelled SH in DS suggests that the 70 kDa signal (#1) and the 50 kDa
signal (#2) found in the AF of C. fulvum-inoculated tomato correspond to P69 and an
SCPL respectively. Again, this similarity between the two assays confirms that the
DS forms a proper biological model system to study immune responses in tomato.
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Figure 5: Challenge of tomato plants with C. fulvum induces early and late tomato apoplastic hydrolase

activities

(A and B) C. fulvum challenge induces activities of papain-like cysteine proteases (PLCPs). Proteins present
in 100 ul of AF obtained from C. fulvum-inoculated susceptible and resistant tomato plants, harvested
at 0, 4, 6, 10 and 14 days post inoculation (dpi), were incubated either with or without MV201 for three
hours. In (B) all AFs obtained from susceptible and resistant plants were combined in equal amounts, pre-
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incubated either with or without 20 uM E-64 for 30 minutes and labelled with MV201 as in (A). Labelled
proteins were detected by in-gel fluorescence scanning. In panel (A) m indicates a mix of all AFs. iC14,
immature C14.

(C and D) C. fulvum challenge alters secreted isoforms of putative vacuolar processing enzymes (VPEs).
Proteins present in 100 ul of AF obtained from C. fulvum-inoculated susceptible and resistant tomato
plants, harvested at 0, 4, 6, 10 and 14 days post inoculation (dpi), were incubated either with or without
AMSI101 for two hours. In (D) all AFs were combined in equal amounts, pre-incubated either with or
without 50 uM YVAD (inhibitor) for 30 minutes and labelled with AMS101 as in (C). Labelled proteins were
detected by in-gel fluorescence scanning. iVPE, intermediate VPE; mVPE, mature VPE

(E) C. fulvum challenge alters apoplastic serine hydrolase (SH) activities. Proteins present in 20 ul of AF
obtained from C. fulvum-inoculated susceptible and resistant tomato plants, harvested at 0, 4, 6, 10 and 14
days post inoculation (dpi), were incubated either with or without RhNP for 1 hr. Labelled proteins were
detected by in-gel fluorescence scanning. The numbers 1 to 4 indicate discrete signals that were quantified
in (F). m, mix of all AFs.

(F) Quantification of differential SH activities upon challenge of susceptible or resistant tomato with C.
fulvum. The intensities of signals 1 to 4, indicated in (E), were quantified and plotted against the dpi.

Lowering the temperature is the determining factor triggering differential
hydrolase activity

One striking observation throughout our experiments was the fact that differences in
the SH activity of the PLs and DS were already evident at t0,, which is the time point
where the temperature has already been lowered but the humidity is still 100% and
symptoms are not apparent. In other words, the changes in the SH activity appear to
precede hypersensitive cell death. To more precisely pinpoint the moment at which
changes in the SH activity profile occur, we examined time points between t0, and
t0, by investigating leaf samples taken at 24 and 48 hrs after the temperature drop
(Fig. 6A). The labelling revealed that changes in the SH activities occurred as quickly
as 24 hrs after the incubation temperature was lowered from 33°C to 20°C both in
total extracts and in the AF (Fig. 6B and 6C). After another 24 hr of incubation at 20°C
additional progressive changes were evident in the labelling profile of AF obtained
from the DS. Most of the differentials are specific to the DS, but the 70 kDa signal
was also up-regulated in PLs upon the temperature shift, albeit less strong than in
DS (Fig. 6B and 6C). The finding that at 24 hrs after the temperature drop massive
changes are already visible in the DS demonstrates that alterations in hydrolase
activities precede the hypersensitive cell death response.
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Fig. 6: Differential serine hydrolase (SH) activities in the apoplast precede hypersensitive cell death in the
dying seedlings

20ug of protein or 20ul of apoplastic fluid (AF) was incubated either with or without FPRh for 1hr at room
temperature. Labelled proteins were detected by in-gel fluorescence scanning.

(A) Seedlings were transferred to the lower temperature at t0, and samples were taken at 24 and 48 hrs
after transfer. Subsequently, the relative humidity was dropped from 100% to 70% at t0,.

(B) Differential SH activities in total extract of the parental lines (PLs) and dying seedlings (DS) upon
lowering of the temperature.

(C) Differential SH activities in the AF obtained from the PLs and DS upon lowering of the temperature.
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Discussion

This study revealed the dynamics of hydrolytic enzyme activities upon activation of
the HR, which is a plant-specific form of PCD associated with innate immunity. We
employed a robust biological model system to induce a systemic and synchronised
Cf-4/Avr4-triggered HR in tomato and monitored the activities of Vacuolar Processing
Enzymes (VPEs), the proteasome, Papain-Like Cysteine Proteases (PLCPs) and Serine
Hydrolases (SHs) by Activity-Based Protein Profiling (ABPP). Our results indicate
that changes in the activity of both PLCPs and SHs preceded the hypersensitive
cell death and are differentially regulated in the apoplast of leaflets of C. fulvum-
inoculated susceptible and resistant tomato plants.

VPEs activities are not altered during hypersensitive cell death but are
responsive to pathogen challenge

PCD is an active and highly controlled process normally resulting in the death of a
selected and limited group of cells. In animals, apoptosis is executed by aspartate-
specific cysteine proteases, or caspases (Miura, 2012). To date, no close homologs
of caspases have been identified in plants. Metacaspase 1 (MC1) and MC2 are two
metacaspases involved in R protein-mediated PCD in Arabidopsis (Coll et al., 2010).
Metacaspases are distantly related to caspases and share the same catalytic residues
but have a different substrate specificity. Interestingly, MC1 is required for cell death
development, whereas MC2 negatively regulates the pro-cell death activity of MC1
(Coll et al., 2010). Moreover, VPEs and the proteasome display caspase-like activity.
VPEs have emerged as proteases involved in plant PCD (Nakaune et al., 2005). VPE is
required for the HR triggered by TMV (Tobacco Mosaic Virus) in tobacco (Hatsugai et
al., 2004). However, we did not detect an increase in VPE activity in the tomato DS
upon activation of the HR (Fig. 2E). Our report is consistent with the finding that the
HR is not compromised in a VPE null mutant of Arabidopsis upon inoculation with
avirulent Pseudomonas syringae pv. tomato DC3000 (Hatsugai et al., 2009).

Interestingly, we detected altered VPE-like activity in the apoplast of tomato plants
inoculated with C. fulvum, regardless whether the plants were susceptible or resistant
to this fungus (Fig. 5C). This is a remarkable observation, since VPEs activity was
so far only described in the vacuole. Our findings are in contrast with the increased
VPE activity detected upon infection of Arabidopsis with virulent Hyaloperonospora
arabidopsidis (Misas-Villamil et al., 2013) and suggest that participation of VPE
in defence responses varies between plant-pathogen interactions. Moreover, we
observed a conspicuous change in the VPE labelling pattern of AF of C. fulvum-
inoculated tomato plants, either susceptible or resistant, as compared to non-
inoculated plants (Fig. 5C). The detection of new signals might be the consequence of
further processing of these enzymes in the apoplast of tomato leaflets. Alternatively,
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new VPEs isoforms might have been induced upon inoculation with the fungus, as
five VPE genes have been reported to be present in the tomato genome (Ariisumi et
al., 2011). In any case, apoplastic VPE activity responded to C. fulvum challenge,
although there was no difference between susceptible and resistant plants. This
could reflect an involvement of VPEs in a basal response to pathogens. We propose
that future studies should be focussed on the possible roles and processing of VPEs
in the apoplast.

Our labelling experiments revealed that the activity of the proteasome is also not
differentially regulated during mounting of the HR in tomato seedlings (Fig. 2D).
This is unexpected since the DS contain large amounts of Salicylic Acid (SA) (Etalo et
al., 2013) and SA is known to activate the proteasome in Arabidopsis (Gu et al., 2010).
Furthermore, Hatsugai et al. (2009) showed that proteasome activity is required for
RPMI1-mediated HR in Arabidopsis. In addition, Pseudomonas syringae pv syringae
produces a proteasome inhibitor that inhibits SA-dependent defence responses and
delays hypersensitive cell death (Misas-Villamil et al., 2013). However, in the case
of the DS, constitutive proteasome activity might be sufficient for the activation of
the HR.

Differential activity of PIP1, P69B and a SCPL correlates between assay systems

We showed that PLCP activity is induced when the Cf-4/Avr4-activated HR is
mounted in the DS (Fig. 2A). Moreover, labelling of AF of C. fulvum-inoculated tomato
revealed that PLCP activity increased faster in resistant than in susceptible plants
(Fig. 5A). Our data are consistent with previous reports showing the induction of
PLCP activity in the apoplast of tomato upon BTH (a SA analogue) treatment (Shabab
et al., 2008), which was predominantly caused by the PIP1 protease (Tian et al.,
2007; Shabab et al., 2008). PIP1 is thought to play a role in plant defence, possibly by
degrading effectors and other proteins produced by the pathogen. Our results show
that the recognition of fungal Avr4 by tomato Cf-4 increases the activity of PIP1 in
the apoplast. The increased PIP1 activity level is likely associated with increased
amounts of PIP1 protein and PIPI transcript levels, as has been described before
(Shabab et al., 2008).

We identified three extracellular subtilisins that belong to the P69 protease family of
tomato (Tornero et al., 1996), the activity of which was increased in the DS and in C.
fulvum-inoculated tomato (Fig. 3, Fig. 4 and Fig. 5E and 5F). P69 was first identified
upon inoculation of tomato with citrus exocortis viroid (Granell et al., 1987; Vera
and Conejero, 1989). Further studies showed that some members from this protein
family are specifically induced upon inoculation of Arabidopsis with virulent
Pseudomonas syringae and upon treatment with SA (Jord4 et al., 1999; Jorda et al.,
2000). Little is known about their biological function, although increased expression
of P69 proteins upon pathogen challenge suggests a role in defence against invading

138



Activity-based protein profiling of tomato seedlings mounting a synchronized defence response

microbes. Subtilisin proteases usually have a broad substrate specificity for peptide
bonds (Markland Jr and Smith, 1971) and up-regulation of P69 expression and activity
might lead to degradation of pathogen-derived virulence factors. Alternatively,
subtilases might play a role in signalling. For example, phytaspase is a subtilisin-
like protease from tobacco involved in the HR and the resistance response to TMV
(Chichkova et al., 2010). Interestingly, phytaspase is also required for the PCD that is
induced under abiotic stress.

In addition to P69, we confidently identified other SHs (Fig. 4A). Serine
carboxypeptidase-like proteins (SCPLs) belong to the o/f hydrolase protein family
(Breddam, 1986). Although annotated as peptidases, many SCPLs have other
enzymatic activities, such as acyltransferase- or lyase-activity (Li and Steffens,
2000; Mugford et al., 2009). We found that the activity of an extracellular SCPL
(Solyc11g066250) was reduced during defence in the DS (Fig. 3 and Fig. 4A). The
expression of its encoding gene was also reduced (Fig. 4B), suggesting that the
reduced enzyme activity is a consequence of transcriptional down-regulation.

Carboxylesterases (CXE) comprise another major group of the SHs that we identified;
Hsr203 being the most abundantly detected CXE in our assays (Fig. 3A and Fig.
4A). Hsr203J is a CXE that was initially identified as a gene specifically induced
in the incompatible interaction between tobacco and Ralstonia solanacearum
(Pontier et al., 1994). Further studies demonstrated that expression of the tomato
ortholog, Slhsr203, was immediately up-regulated upon transient expression of the
Avr9 effector from C. fulvum in Cf-9-containing tomato plants (Pontier et al., 1998).
Studies on the promoter of tobacco Hsr203 revealed that it is specifically activated
upon the induction of the HR, several hours before the necrotic lesions appear. This
is consistent with our results, because we detected an increase in the amount of
Hsr203 transcripts and Hsr203 activity in the DS before the plants developed cell
death (Fig. 3A and Fig. 4). Since its identification, Hsr203J transcript levels have
been widely used as a hallmark for the activation of PCD (Radwan et al., 2011;
MiSHra et al., 2011; Zhang et al., 2012). To our knowledge, we are the first to show
activity of Hsr203 in the context of a plant-pathogen interaction with a simple and
robust labelling assay. We did not detect activity of Hsr203 in C. fulvum-inoculated
tomato, either susceptible or resistant, but this is probably because we only studied
the AF of the inoculated plants and Hsr203 is not predicted to be secreted.

Differential hydrolase activity precedes hypersensitive cell death

Several of the hydrolytic activities we studied in the DS have been implicated in PCD
before (Pontier et al., 1998). Surprisingly, we show that changes in the activities of
PLCPs and SHs in the DS precede cell death development. Despite of the increased
hydrolase activity, the DS did not display visible cell death until the humidity was
decreased, suggesting that the activation of these hydrolases is a part of a complex
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immune response. Therefore, we hypothesise that, although involved in the Cf-4/
Avr4-triggered defence response, these hydrolytic activities likely do not participate
in the signalling cascade leading to the hypersensitive cell death itself. Moreover,
an elevated temperature was enough to repress changes in the hydrolytic activities
of PLCPs and SHs. Wang et al (2005) concluded that both high temperature and
100% humidity synergistically repress Cf-4/Avr4 and Cf-9/Avr9 induced HR. In our
experiments only lowering of the temperature was enough to trigger the changes in
the activity of hydrolases but not to trigger cell death.

The temperature-controlled immune response is uncoupled from humidity-
controlled hypersensitive cell death

The suppression of hypersensitive cell death by high humidity is not uncommon.
Several Arabidopsis lesion mimic mutants show phenotypes that are repressed
by high relative humidity (Hammond-Kosack et al., 1996; Yoshioka et al., 2001;
Jambunathan et al., 2001; Noutoshi et al., 2005). The cpr22 Arabidopsis mutant, for
example, displays constitutive expression of PR genes, spontaneous lesion formation
and increased resistance to virulent pathogens, but some of these phenotypes were
inhibited at high humidity (Yoshioka et al., 2001). To explain their observations, the
authors proposed the existence of a “humidity-sensitive factor” that down-regulates
the SA-dependent defence response at high humidity. The inhibition of effector-
triggered PCD by environmental conditions observed in our system could be caused
by the crosstalk between biotic and abiotic stress. Specifically, an antagonistic
interplay between the ethylene (biotic stress) and ABA (abiotic stress) cascades
has already been reported (Robert-Seilaniantz et al., 2011; Chen et al., 2013). It
is tempting to speculate that when grown at high humidity, the DS are subjected
simultaneously to two different stresses: an ethylene-dependent signalling cascade
linked to the HR and an ABA-mediated response linked to the high humidity. In
such a situation, the hypersensitive cell death would be (partially) repressed by the
inhibitory effect of the abiotic signalling pathway. When the humidity is lowered,
the pressure of the abiotic stress is released and so is its antagonistic effect on the
biotic stress signalling. This would then result in the release of the brake on the cell
death response. A metabolome and transcriptome study on the DS performed by
Etalo et al. (2013) indeed indicated that when the temperature alone is lowered, the
production of ethylene is highly induced. However, differential hydrolase activation,
which precedes hypersensitive cell death, is apparently not under control of this
crosstalk. Moreover, it also suggests that hypersensitive cell death can be uncoupled
from other defence responses.
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Materials and Methods

Plant Material and growth conditions

Tomato Cf-4/Avr4 Dying Seedlings (DS) were obtained from crossings between Cf-4
(Hcr9-4D) and Avr4-expressing tomato plants, as described elsewhere (de Jong et al.,
2002). Sowing and germination of the seeds at 25°C and high relative humidity (100%
RH) was performed as explained in Stulemeijer et al. (2009). After one week the
seedlings were transferred to “non-inductive” conditions (33°C and 100% RH) and
two weeks later the temperature was lowered to 20°C. Plant material (cotyledons
and primary leaves) corresponding to t0, was immediately harvested and plants
were kept under these growth conditions (20°C and 100% RH) for three more days.
Finally, plants were shifted to the “inductive” condition by decreasing the humidity
to 70% RH. Sampling of additional plant material was performed at the moment of
lowering the humidity (t0,) and at 30, 60 and 90 minutes after the plants had been
transferred to “inductive” conditions. As a control, the parental lines (PLs) used for
the cross to generate the DS were taken along and exposed to the same treatment.
Tissue samples were stored at -80°C until protein extraction.

For plant inoculations, the PL of the tomato DS, expressing Avr4d (Cf0:Avr4;
susceptible line) or Cf-4 (Cf0:Hcr9-4D; resistant line) were inoculated with C. fulvum
race 5, expressing Avr4 (de Wit, 1977). At different time points after inoculation (0, 4,
6, 10 and 14 days post inoculation (dpi) leaf samples were taken for Apoplastic Fluid
(AF) isolation as described below.

Protein extraction, apoplastic fluid isolation and labelling reactions

Cotyledons and primary leaves were ground to a fine powder with a mortar and
pestle using liquid nitrogen. Frozen powder was resuspended in 1 mM DTT to
extract proteins. The extract was centrifuged at 16,000xg for 5 minutes at 4°C and
the supernatant was transferred into a new tube. The protein concentration was
measured using the RC/RD protein assay (Bio-Rad) using Bovine Serum Albumin
(BSA) as a standard. AF was isolated from cotyledons and primary leaves of the DS
and PLs as well as from susceptible and resistant plants inoculated with C. fulvum
according to Joosten (2012).

For PLCP labelling, 60 ug of total protein extract was incubated either with or
without 1 uM DCG-04 (van der Hoorn et al., 2004) in 50 mM NaAc pH 6 and 1
mM DTT in a final volume of 0.5 mL. The labelling reaction was performed for 5
hrs at Room Temperature (RT) while rotating. Proteins were precipitated with 70%
acetone and resuspended in 50 ul of 1x Gel Loading Buffer (GLB). Where indicated,
protein samples were pre-incubated for 30 minutes with 20 uM E-64 before DCG-
04 labelling. For detection of extracellular PLCPs, 100 ul of AF was incubated with
0.2 uM of MV201 in 50 mM NaAc pH5.5 and 10 mM DTT in a final volume of 0.5
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mL. After labelling for 3hrs at RT, proteins were precipitated with 70% acetone and
resuspended in 50 ul of 1xGLB. For inhibition assays equal volumes of the various
AFs were mixed and pre-incubated with 20 uM E-64 for 30 minutes.

SH labelling was performed as described by Kaschani et al. (2009). 20 ug of total
protein or 20 ul of tomato AF were labelled either with or without 1 uM of TriNP
or RhINP (Nickel et al., 2012) in 50 mM Tris pH 8 (final volume 50 ul) for 1 hr at RT.
The labelling reaction was stopped by boiling in 1xGLB and samples were further
analysed as explained below.

For proteasome labelling, 60 ug of total protein was incubated either with or without
2 uM MV151 (Gu et al., 2010) in 50 mM Tris pH7 in a final volume of 50 ul. After
incubating for 3.5 hrs at RT, the reaction was stopped by boiling in 1xGLB. For
inhibition assays, equal amounts of all samples were combined and pre-incubated
with 50 uM of epoxomicin for 30 minutes.

The activity of VPEs was detected by incubation of 60 ug of total protein extract or
100 wl of AF with 1 uM AMS101 (Misas-Villamil et al., 2013) in 50 mM sodium acetate
pH 5 and 10 mM TCEP (Tris 2-carboxyethyl phosphine) for 2 hrs at RT. Competition
assays were performed by pre-incubating the protein sample or a mixture of all
AFs with 50 uM YVAD-CMK for 30 minutes. The labelling reaction was stopped by
boiling in 1xGLB, including an earlier precipitation step with 70% acetone for the
AF samples.

Protein samples were separated on 12% SDS-PAGE protein gels. Fluorescently
labelled proteins were detected by fluorescence scanning of the gel using the Typhoon
FLA9000. For DCG-04 labelling reactions, biotinylated proteins were analysed by
protein blotting using streptavidin-conjugated HRP as described before (van der
Hoorn et al., 2004).

Affinity purification and identification of SHs

Large scaled labelling and purification of biotinylated SHs was performed as described
in Kaschani et al. (2012). 5 mg of total proteins was incubated either with or without
200 uM TriNP. After affinity-purification, biotinylated proteins were eluted from the
beads by boiling in 1x GLB and resolved on a 12% SDS-PAGE protein gel. The gel was
subsequently scanned, photographed and protein bands were automatically excised.
In-gel trypsin digestion was performed according to Kaschani et al. (2012).

Data acquisition and processing

Peptide mixtures were analysed using a Thermo/Proxeon Easy nLC II mass
spectrometer in a two column configuration (pre-column 3cm x 100um, 5um C18AQ
medium, analytical column: 10cm x 75 um, 3 um C18AQ) coupled to a LTQ-Velos
ion trap (Thermo Scientific). Peptides were separated over a 100 minute gradient

142



Activity-based protein profiling of tomato seedlings mounting a synchronized defence response

running from 5% - 25% acetonitrile in water containing 0.1% formic acid. MS/MS
spectra were acquired in centroid mode on multiply-charged precursors with an
m/z between 400 and 1600 Daltons using a Top20 method for with active exclusion
for 60 seconds in a window from 0.2 Da below to 1.6 Da above the precursor mass.
The resulting RAW files were de-noised (6 strongest peaks/ 100 Da window) and
converted to mgf format using MSConvert from the Proteowizard package (http:/
www.proteowizard.org/).

Database searching

The sequence database was constructed by combining the ITAG2.3 tomato protein
database (34727 sequences) from the Sol Genomics Network (www.solgenomics.
net) supplemented with 1095 common artefact sequences and reversed copies of all
sequences as decoys for False Discovery Rate (FDR) calculation. MS/MS spectra were
searched against the described databases using MASCOT 2.3 (www.matrixscience.
com) (see Supplemental Information). Reported proteins were identified on the basis
of at least two peptides exceeding the MASCOT 95% certainty cut-off.

q-RT-PCR and gene expression analyses

Cotyledons and primary leaves were ground to a fine powder with mortar and pestle
in liquid nitrogen and frozen powder was used for total RNA isolation following
the manufacturers’ instructions (Macherey-Nagel RNA extraction kit). First strand
cDNA was synthesised using Moloney-Murine Leukemia Virus (MMLV) reverse
transcriptase and oligo dT (Promega) and was used as template for quantitative
RT-PCR using the SensiMix SYBR-HiROX kit (Biolyne). Primers sequences for the
different hydrolase-encoding sequences are provided in Supplemental Table SI.
Tomato actin was used as a reference gene (Supplementary Table S1).
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Supplementary Figure S1: Inhibition of proteasome and vacuolar processing enzyme (VPE) activity in
tomato dying seedlings

(A) Total proteins were extracted from parental lines (PLs) and dying seedlings (DS) at different time points
as explained in Materials and Methods. Extracts were combined equally to a final amount of 60 ug of
protein and labelled with 2 uM MV151 at room temperature for 2hrs. Where indicated, samples were pre-
incubated with 50 uM of the proteasome inhibitor epoxomicin for 30 minutes.

(B) Total proteins were extracted from parental lines and dying seedlings at different time points as
explained in Materials and Methods. Extracts were combined equally to a final amount of 60 ug of protein
and labelled with 2 uM AMS101 at room temperature for 2hrs. Where indicated, samples were pre-
incubated with 100 uM of the caspase-1 type cysteine protease inhibitor YVAD for 30 minutes.

147



CHAPTER 5

‘sjuswLIodxa JUSISFJIP 981Y} WO} UOIIRIASD prepuess jussasdel s1eq I011F ' 03 1 [9A9] uorssaxdxe sArpoadser 1Y) 03
9ATIE[AI ‘S PUR STJ Y10q Ul uoissaxdxa aus ur seSueyd p[oj 9y} }09[JaI sanfeA ‘duas aouatejel e se urjoe Sursn YDJ-IM danejjuenb Aq pasireue sem uorssaxdxa
2ua3 pue PosISaYIUAS SeM YNJO PUBIIS ISIL "SOINUIWL 06 = 3 Pue ‘03 ‘'03 18 (Sa) sSurpess Surkp pue (sTd) seur| [ejusied WOIy PajoeIIXe SEM YN J95UsssaN

SOSEOIPAY QULISS Pa3091ap JO S[9A9] JdLIOSUET} oATFe[oy :ZS 9andig Arejuswarddng

148



Activity-based protein profiling of tomato seedlings mounting a synchronized defence response

Supplementary table S1: Primer sequences used for g-RT-PCR

Accession Name Primer sequence
Solyc08g079870/Solyc08079900 P69B/P69C Doll9: Fw: 5'- GTTTGCAGCAGAACATGGGTGTATGGAA - 3’

Do120: Rv: 5'- CTCCTGCAGCTGTGCTTGCTGTGTGTGTAC - 3’
Solyc10g084320 S8 Dol118: Fw: 5'- GGAATCTCAGCTGAGAGGTC - 3’

Dol17: Rv: 5'- GAAGCCATGAAAGACATTGTC - 3’
Solyc11g066250 SCLP Dol21: Fw: 5'- AGGCTGCACCATCTGTTTCT - 3'

Do122: Rv: 5’ - ACCGCTGAAGCATTTCAAGT -3’
Solyc02g069800 CXE Dol23: Fw: 5'- TCCCGTCATTCTTCACTTCC - 3’

Dol24: Rv: 5'- GTTGAAATCGGCGTATTCGT - 3’
Solyc09g075670 CXE Do129: Fw: 5- CGGCGTCTCCTCAAAAGATA - 3’

Do130: Rv: 5'- ATTTGATTCGGCGACTATGC - 3’
Solyc09g075680 CXE Dol31: Fw: 5'- CATCACCATCTCACCTCACG -3’

Do132: Rv: 5'- CGAAACAGCAACGACGTTTA - 3'
Solyc01g108530 CXE Dol135: Fw: 5'- ATGATTATGCCCCTCCTTCC -3’

Do136: Rv: 5'- CCCCCATGGAAATACACAAG - 3’
Solyc01g108580 CXE Dol127: Fw: 5'- CTTGTGGTAGCTTATTACACTATG -3’

Do128: Rv: 5'- CAAGTTGAAATATGATTATTTAG - 3’
Solyc05g051660 CXE Dol4l: Fw: 5" - TCCGACAACAACAACGACAT - 3'

Do142: Rv: 5’ - CTCCGCCGTGGTAATACACT -3’
Solyc10g054780 CXE Dol45: Fw: 5 - GTATCTCAGCCCGGATACGA -3’

Dol146: Rv: 5'- CACGGCTCTTCTCATTGTCA - 3’
Solyc03g044790 AHL Do137: Fw: 5'- CTAGAGAAGTGTTATCTAAATAATTCTTC - 3’

Do138: Rv: 5'- CAAGAACACTAACTTTGTGTCCTTC -3’
Solyc03g044790 actin To58: Fw: 5" TATGGAAACATTGTGCTCAGTGG 3’

To59: Fw: 5" CCAGATTCGTCATACTCTGCC 3’

Supplementary Material and Methods: Information for Mascot

searches

Precursor mass tolernace 0.3 Da.

Fragment mass tolerance 0.4 Da.

1 C13 permitted.

1 Tryptic miscleavage.

Fixed modifications — carbamidomethyl (C).

Variable modifications — oxidation (M).

Mascot 95% certainty peptide cut-off — 33.
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Chapter 6

General Discussion

NB-LRRs and broad-spectrum resistance; do all roads really lead to Rome?

Hay un tiempo en el que es necesario dejar las ropas
usadas que adoptaron la forma de nuestro cuerpo y
en el que debemos olvidar los caminos que nos han
llevado a los mismos lugares.
Es ahora el tiempo de la travesia: y si nos animamos,
habremos quedado para siempre en el margen de
nosotros mismos.

Fernando Pessoa
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Introduction

The existence of broad-spectrum resistance is undoubtedly illustrated by the
observation that in nature plant disease is an exception, rather than a rule. Despite
of the wide variety of plant pathogens with regard to their lifestyles and infection
strategies, millions of years of plant-pathogen co-evolution have shaped plants to
efficiently recognise pathogens and arrest their proliferation, thereby restricting
plant susceptibility to only a very limited subset of pathogenic microbes. Still, one
of the major concerns in agriculture is the constant fight against plant pathogens
and the social and economic consequences of the diseases they cause in crops.
Considering the high complexity of disease resistance in plants, in combination
with the often observed detrimental phenotypes and fitness trade-offs related to the
constitutive activation of plant immunity, it is not surprising that generating broad-
spectrum resistance still remains a challenge.

This chapter focuses on how different components of the plant innate immune system
may be exploited to obtain broad-spectrum resistance to pathogens, with a special
emphasis on the deployment of down-stream components of defence signalling
pathways. Using the tomato (Solanum lycopersicum) NB-LRR (Nucleotide-Binding,
Leucine-Rich Repeat) NRC1 (NB-LRR Required for hypersensitive-associated Cell
death 1) as a case study, we will exemplify the search for a “perfect allele” with
increased activity that potentially confers robust and broad-spectrum resistance,
only upon pathogen recognition. Moreover, we will discuss the possibility of
manipulating the NRC1-dependent immune response to uncouple disease resistance
and cell death. We also propose a mechanism by which NRC1 might mediate broad-
spectrum resistance to pathogens and finalize contrasting this idea with recent
developments in the animal NLR (Nucleotide-binding, leucine-rich repeat-Like
Receptors) field.

PRRs and R proteins: complications at the frontline

Broad-spectrum resistance defines the capacity of a plant species to resist tissue
colonisation by multiple isolates or strains of a particular pathogen, or by several
unrelated pathogens (Kou and Wang, 2010). The existence of broad-spectrum
resistance indicates that throughout their co-evolution, plants have acquired the
ability to recognize conserved microbial molecules that the pathogen simply cannot
eliminate or change without facing a reduction in its fitness. Examples of these are
flagellin and chitin, which are structural components of bacterial flagella and the
fungal cell wall respectively and are generally referred to as Microbe-Associated
Molecular Patterns (MAMPs) (Jones and Dangl, 2006). Recognition of flagellin and
chitin by their corresponding plant immune receptors FLS2 (Flagellin-Sensing 2)
(G6mez-Gomez and Boller, 2000) and CEBiP (Chitin-Elicitor Binding-Protein) (Kaku
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et al., 2006; SHimizu et al., 2010) triggers a defence response, known as MAMP-
Triggered Immunity (MTI), which is sufficiently effective to stop invasion by non-
adapted pathogens (Jones and Dangl, 2006; Senthil-Kumar and Mysore, 2013). FLS2
and CEBiP, amongst others, are collectively known as Pattern Recognition Receptors
(PRRs) and are conserved throughout the Plant Kingdom. In fact, PRRs can provide
a novel resistance specificity when expressed in other plant species, as exemplified
by the transfer of the PRR EFR (Elongation Factor Receptor) (Zipfel et al., 2006).
These findings indicate that signal transduction down-stream of PRR-activation
is likely conserved between different plant families and opened the possibility for
manipulating PRRs in the search of broad-spectrum resistance. However, soon it
was recognized that various bacterial pathogens are able to suppress the FLS2- and
EFR-mediated immunity and were able to cause disease (Gohre et al., 2008; Shan
et al., 2008; Nicaise et al., 2013). Therefore it became apparent that although being
functional against a broad spectrum of pathogens, MTI is inoperative when adapted
pathogens attack, whose cocktail of virulence factors successfully suppress defence
responses and render the plant completely susceptible to infection. Still, identification
of new PRRs and their subsequent exploitation might aid to obtain broad-spectrum
resistance, although likely only when applied with other mechanisms of resistance,
such as the combination of multiple PRRs derived from different plant species that
are non-hosts for a particular pathogen.

Plants possess a second type of immune receptors known as Resistance (R) proteins,
of which the biggest class are the intracellular NB-LRRs. These are multi-domain
proteins, characterized by the presence of a central nucleotide-binding domain
known as NB-ARC (Nucleotide-Binding and domain found in Apaf-1, R proteins
and CED-4). This central domain is capable of binding nucleotides, either ATP
or ADP, and thereby regulates the activation state of the protein (Tameling et al.,
2002; Tameling et al., 2006; Ueda et al., 2006; Maekawa et al., 2011; Williams et
al., 2011). Moreover, this domain can be divided into three subunits, namely the NB
subdomain itself and the ARC1 and ARC2. At their N-terminus NB-LRRs either have
a Coiled-Coil (CC) domain or a domain that has homology to the Toll/Interleukin-1
Receptor (TIR), and are therefore classified as CNL or TNL, respectively. There are
exceptions to this, wherein NB-LRRs possess additional and/or alternative domains
at their N-terminus (Grant et al., 1995; Salmeron et al., 1996; Milligan et al., 1998;
Collier and Moffett, 2009). Finally, their C-terminal region consists of a variable
number of leucine-rich repeats (Meyers et al., 1999). The N-terminal domain, either
CC or TIR, is generally associated with the recruitment of down-stream signalling
partners (Sacco et al., 2007; Shen et al., 2007; Tameling and Joosten, 2007; Caplan
et al., 2008). The LRR domain, on the other hand, participates in elicitor recognition
(Rairdan and Moffett, 2006; Brunner et al., 2010; Qi et al., 2012; Ravensdale et al.,
2012), as well as in auto-inhibition in order to avoid activation of defence responses
in the absence of a pathogen (Moffett et al., 2002; Qi et al., 2012).
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Unlike PRRs, which have broad recognition specificity, NB-LRRs recognize race-
specific effector (virulence) proteins of pathogens and activate effector-triggered
immunity (ETI; Jones and Dangl, 2006). It is easy to imagine that triggering immune
responses only upon perception of certain pathogen-derived proteins allows an
efficient control of the onset of defence, preventing its activation when not needed.
Unfortunately, this narrow specificity also imposes a limit on NB-LRR exploitation,
as the incorporation of one specific NB-LRR gene in the genome of a host plant
often only leads to immunity against a single race of a particular pathogen. A widely
implemented strategy to overcome this limitation is R gene stacking, by which a
certain crop is armed with different NB-LRRs, overall conferring resistance against
a wide diversity of races of a particular pathogen (Dangl et al., 2013; Grant et al.,
2013). Though successful in the field, it is difficult to predict whether a strategy that
piles up numerous genes, might not have excessive energy costs. Furthermore, some
NB-LRRs recognize proteins of pathogens that, although important for virulence, are
also dispensable because of redundancy (Guo et al., 2009). Given the wide effector
repertoire that pathogens generally exhibit, loss or mutation of effector proteins
is generally associated with only a minor reduction in pathogen virulence, but
allows evasion of recognition thereby turning the plant immune receptor obsolete
(Joosten et al., 1994; Joosten et al., 1997; Vogt et al., 2013). Despite of the potential
limitations of NB-LRR-mediated immunity in terms of its application, soon after
their discovery (Bent et al., 1994; Mindrinos et al., 1994), stable over-expression of
NB-LRRs was shown to confer broad-spectrum resistance to virulent pathogens in
tomato (Oldroyd and Staskawicz, 1998). This finding clearly demonstrated that NB-
LRRs can be exploited to confer increased resistance, although a change of gears in
their implementation strategy might be required (see below).

NB-LRRs and broad-spectrum resistance: do all roads really lead to Rome?

Recent advances in the study of NB-LRR functioning provide valuable information
to re-consider their potential to provide broad-spectrum resistance in the field. First
of all, NB-LRR recognition specificity might not be as restricted as originally thought
(Eitas and Dangl, 2010). RRS1 and RPS4 are examples of two NB-LRR proteins from
Arabidopsis that collectively confer resistance to Pseudomonas syringae expressing
AvrRps4 and Ralstonia solanacearum expressing Pop2, as well as to the fungal
pathogen Colletotrichum higginsianum (Birker et al., 2009; Narusaka et al., 2009).
Remarkably, the RRS1 and RPS4 genes were found to be physically linked in a head-
to-head configuration in the Arabidopsis genome (Narusaka et al., 2009). This tandem
arrangement has been suggested to allow coordinated gene expression and, therefore,
balanced protein accumulation (Mukhtar, 2013). Interestingly, both NB-LRR genes
have recently been transferred to two closely related Brassica species (Brassica rapa
and Brassica napus), as well as to three more distantly related plant species; tomato
(Solanum lycopersicum), Nicotiana benthamiana and cucumber (Cucumis sativus)
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(Narusaka et al., 2013). This gene transfer resulted in successful protection of both
the Brassicaceae as well as the Solanaceous species to R. solanacearum and P
syringae expressing Pop2 and AvrRps4, respectively. Moreover, the Brassica species
and cucumber also displayed resistance towards C. higginsianum and C. orbiculare,
respectively (Narusaka et al., 2013). These interesting findings not only illustrate a
broader specificity of NB-LRRs, but also demonstrate that down-stream signalling
components recruited by NB-LRRs are likely conserved in distantly related plants,
allowing potential exploitation of these immune receptors.

Another example of dual specificity of NB-LRRs is provided by the RGA4/RGA5 gene
pair, which together confer resistance to Magnaporthe grisea in rice (Oryza sativa)
(Cesari et al., 2013). The encoded NB-LRRs, which are both required for resistance
to this fungus, are activated upon recognition of two effectors that are not related
in sequence but just as the R genes are also encoded by physically-linked genes,
reinforcing the association between cooperative recognition specificity and gene
clustering. The broader recognition specificity and the conservation of NB-LRR-
triggered immunity throughout plant linages is further supported by several other
recent publications, both for dicots as well as monocots (Tai et al., 1999; Goggin et
al., 2006; Zhang et al., 2010; Horvath et al., 2012; Maekawa et al., 2012; Inoue et
al., 2013; Periyannan et al., 2013; Saintenac et al., 2013). It will now be important
to determine whether these findings can be taken to the next level, meaning that
the NB-LRRs of interest are tested for generating broad-spectrum resistance in field
trials.

NB-LRRs as down-stream signalling components

A strong body of evidence argues that NB-LRR proteins are not only involved in
effector perception per se, but can also act as signalling components down-stream of
other immune receptors. To distinguish between these different NB-LRR-associated
activities, the terms “sensor” and “helper” NB-LRR were coined (Bonardi et al.,
2011). A sensor NB-LRR participates in defence as bona fide immune receptor
involved in effector recognition, whereas a helper NB-LRR assists the sensor NB-
LRR, or another class of immune receptors, in activating its down-stream signalling
cascade. Interestingly, helper NB-LRRs may not only assist sensor NB-LRRs and
additional immune receptors (Peart et al., 2005; Bonardi et al., 2011), but may also
participate in basal defence and MTI (Bonardi et al., 2011), suggesting that these
proteins might constitute hubs where broad-spectrum- and race-specific defence
signalling converge.

A screen of a randomly generated Virus-Induced Gene Silencing (VIGS) library
conducted in N. benthamiana revealed that N Requirement Gene 1 (NRG1) is required
for N-mediated resistance to Tobacco Mosaic Virus (TMV) (Peart et al., 2005). Both
NRG1 and N are NB-LRR proteins and this was therefore the first report of an NB-
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LRR protein acting as a signalling component, down-stream of another NB-LRR.
Recently, the ADRI gene family (Activated Disease Resistance-1) was implicated in
RPS2- and RPP4-mediated Effector-Triggered Immunity (ETI), as well as in MTI
and basal defence in Arabidopsis (Bonardi et al., 2011). Based on the sequence of
their CC and NB-ARC domains, NRG1 and ADRI form a separate subclass within
the CNL protein class (Collier and Moffett, 2009; Collier et al., 2011). This ancient
subclass of CNLs is characterized by the lack of the EDIVD motif in the CC domain,
which is a hallmark of many other CNLs (Rairdan et al., 2008). Interestingly, this
subclass is most similar to RPW8, a CC domain containing non-NB-LRR protein
from Arabidopsis that confers broad-spectrum resistance against powdery mildew
(Erysiphe spp.) (Xiao et al., 2001). It is noteworthy that the RPW8 locus codes for
two genetically-linked genes, RPW8.1 and RPW8.2, both of which are required for
resistance, similar to what was mentioned above for the RRS1/RPS4 and RGA4/
RGAb5 gene pairs.

We previously reported the identification of tomato NRC1 (NB-LRR Required for
hypersensitive response-associated Cell death-1), an NB-LRR required for resistance
to the fungal pathogens Cladosporium fulvum and Verticillium dahliae, mediated
by the immune receptors Cf-4 and Vel, respectively (Gabriéls et al., 2007; Fradin et
al., 2009). Moreover, NRC1 is also involved in the down-stream signalling cascade
leading to HR in N. benthamiana, activated by several intracellular (Rx, I-2, Mi-1
and Prf/Pto) and extracellular (Cf-4, Cf-9, Exi2) immune receptors (Gabriéls et al.,
2007). Therefore, at least from a functional point of view, NRC1 can be considered as
a helper NB-LRR that assists different kinds of immune receptors and participates
in both race-specific and broad-spectrum immune responses. Importantly, there is
yet no evidence suggesting that the sensor and helper functions of NB-LRRs are
mutually exclusive. In that respect, although NRC1 assists several immune receptors,
we cannot exclude that it is also involved in the recognition of a yet unidentified
effector of a particular pathogen. A close inspection of the sequence of the CC domain
of NRC1 revealed the presence of an EDIVD motif (EDAVD in NRC1, from amino acid
73 till 77) (Gabriéls et al., 2007), indicating that NRC1 does not belong to the same
subclass as NRG1 or ADR1. However, based on functionality we consider NRC1 to
be a “helper” NB-LRR and will describe in the next section how we envision this
down-stream signalling component of the plant immune system can potentially be
exploited to obtain broad-spectrum resistance in crops.

Searching for the “perfect allele”

The hallmark of NB-LRR activity is their capacity to trigger Programmed Cell Death
(PCD), generally after effector recognition. This form of plant-specific PCD is known
as the Hypersensitive Response (HR) (Heath, 2000) and has been considered to be
the ultimate plant resource to stop invading pathogens. Interestingly, many point
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mutations located in highly conserved motifs within the NB-ARC domain of NB-
LRRs have been shown to result in a protein that induces an elicitor-independent
HR (Bendahmane et al., 2002; de la Fuente van Bentem et al., 2005; Tameling et
al., 2006; Ade et al.,, 2007; van Ooijen et al., 2008; Maekawa et al., 2011; Du et
al., 2012). Such mutations are thought to mimic the active conformation of NB-
LRRs, likely allowing interaction with down-stream signalling partners and thereby
constitutively activating defence. Moreover, NB-LRR activity also triggers other
immune responses that do not necessarily include cell death, such as the expression
of Pathogenesis-Related (PR) genes and induction of defence-related hormones like
Salicylic Acid (SA) (Zhang et al., 2003; Huang et al., 2010; Tang et al., 2011). The
finding that NB-LRRs can be manipulated to allow their activation in the absence
of a pathogen provides a strong starting point to develop breeding programs aimed
at generating disease resistant crops. Moreover, if a down-stream NB-LRR involved
in many defence responses, such as NRC1, is manipulated in such a way that it
becomes more active, this could lead to broad-spectrum resistance.

The NRCI™8V mutant carries a point mutation in the D residue of the highly
conserved MHD motif located in the NB-ARC domain. Transient expression of
NRC1P#in N. benthamiana induces a fast and strong HR (Gabriéls et al., 2007),
as was also shown for other NB-LRRs (Bendahmane et al., 2002; de la Fuente van
Bentem et al., 2005; Tameling et al., 2006; Gabriéls et al., 2007; Gao et al., 2011;
Du et al., 2012; Roberts et al., 2013). This observation indicates that NRC1 can be
manipulated to induce cell death, and likely other defence responses, in the absence
of a pathogen. With this in mind, and considering that NRC1 is involved in immune
responses of different amplitudes, triggered by different types of immune receptors,
we hypothesized that it should be possible to manipulate the activity of NRC1 in
such a way that this would allow a faster and stronger response of the plant against
a broad range of pathogens, without the detrimental effects of cell death.

To increase the repertoire of mutations that induce elicitor-independent HR in NRC1
to various levels of severity, and potentially broad-spectrum resistance, we pursued
two parallel and complementary approaches. On the one hand, we sequenced
the region encoding the NB-ARC domain and the first four LRRs of NRCI in an
EMS-mutagenized tomato population (Chapter 3). Three missense mutations were
identified in the NB subdomain coding region of NRCI and subsequently functionally
characterized (Chapter 3). On the other hand, we screened an NRCI mutant library
for gain-of-function variants, which were randomly generated by amplifying the
sequence encoding the NB-ARC domain of NRC1 by error-prone PCR (Fig. 1) (Chapter
4). Nine novel NB-ARC mutations resulted in a protein inducing elicitor-independent
HR upon its transient expression in tobacco, suggesting that these NRC1 mutant
proteins have an increased signalling capacity as compared to NRCI1WT (Fig. 1)
(Chapter 4). Only from the error-prone PCR approach auto-active NRC1 variants with
increased signalling activity were retrieved. Overall, we obtained NRC1 mutants
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showing various levels of auto-activity, as some mutants induced cell death faster
than others (Chapter 4). Therefore, this strategy provided us with an interesting pool
of mutations as potential starting material for breeding programs.
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Figure 1: Model summarizing all the findings described in this thesis

In its resting state, an NRC1 wild-type (WT; NRC1"7) oligomer exists in the cell that interacts with Heat-
shock Protein 70 (Chapters 2 and 3). Recognition of the effector protein Avr4 from C. fulvum, either directly
or indirectly, by the resistance protein Cf-4 from tomato disrupts the NRC1"" oligomer, inducing a signalling
cascade that culminates in the HR and resistance to the fungal pathogen. The mutation E154K, located
N-terminal of the hhGREXE motif in the nucleotide-binding domain of NRC1, hampers disruption of the
NRCI1-oligomer, thereby negatively affecting the HR-signalling activity of the WT protein (Chapter 3). The
screening of randomly-generated NRC1 mutant proteins allowed the identification of nine amino acid
substitutions that resulted in an increased signalling activity of NRC1, manifested as elicitor-independent HR
upon transient expression of the mutant NRC1 proteins in tobacco (Chapter 4). Whether these mutants with
increased signalling activity result in an exacerbated defence response upon their expression in tomato, either
HR-dependent or -independent, is unknown. Recognition of Avr4 by Cf-4 also triggers differential changes in
the activity of serine hydrolases (P69, SCLP and Hsr203) and papain-like cysteine proteases (like PIP1), located
both in the cytoplasm (Hsr203) as well as in the apoplast of tomato leaves (P69, SCLP and PIP1). It remains
to be unravelled whether these diverse hydrolase activities actually play a role in the HR-signalling pathway
and in resistance to pathogens, in addition to whether there is a link between these hydrolases and NRC1
activation. Connections and pathways not addressed in this thesis are depicted with dashed arrows.
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Having identified several mutations in NRC1 that increase its HR-inducing activity,
the next step is to determine whether this increased auto-activity can result in
broad-spectrum resistance in tomato. Of equal importance is to investigate whether
stable expression of any of these NRC1 mutants induces developmental phenotypes.
With this in mind, it is tempting to suggest that mutations that cause milder gain-of-
function (auto-activity) phenotypes likely have more potential to be used in crops.
Nevertheless, it should be considered that transient (over)-expression levels of NB-
LRRs through agro-infiltration are not necessarily comparable to the levels of the
same DNA construct reached in stable transformants. In the latter situation the
number of T-DNA copies per cell is generally lower, which may result into lower
gene expression levels and therefore lower levels of active protein. Although in
most cases stable (over)-expression of NB-LRRs causes developmental phenotypes,
there are also examples where transgenic plants NB-LRRs were phenotypically
indistinguishable from non-transgenic plants, even when over-expression was
under the control of the constitutive 35S promoter from Cauliflower Mosaic Virus
(CaMV) (Oldroyd and Staskawicz, 1998).

As a proof-of-concept of our hypothesis that NRC1 can be implemented to confer
broad-spectrum resistance to pathogens in tomato, we generated transgenic lines
over-expressing either NRC1"T or NRC1P2%%E under control of the above mentioned
constitutive promoter. Transient expression of NRCI1WT in combination with the
silencing suppressor P19 induces an HR in N. benthamiana (Gabriéls et al., 2007)
(Chapter 3, this thesis), indicating that (over)-expression of NRC1"T might already
induce defence responses. Furthermore, the mutation D268E in NRCI1 targets a
highly conserved D residue located in the Walker B motif of the NB subdomain.
This residue has been shown to be in involved in ATP hydrolysis in the tomato NB-
LRR I-2 (Tameling et al., 2006). The analogous mutation in this protein and in the
NB-LRRs Mi-1 from tomato and RPS5 from Arabidopsis also induced auto-activity
as revealed by transient expression in N. benthamiana (Tameling et al., 2006; Ade
et al., 2007) (Supplementary Fig. 1A). NRC1"T and NRC1>?¢¢E were transformed
into tomato and at least two T1 lines were selected for each NRC1 variant for
further studies. To eliminate segregating, non-transgenic individuals the tomato
seedlings were sprayed with kanamycin as soon as the cotyledons emerged (Weide
et al., 1989). Although our results are preliminary, the analysis of the T1 tomato
transgenic lines suggests that over-expression of either NRC1"T or its auto-active
mutant NRC1P#*® does not lead to any developmental phenotype (Supplementary
Fig. 1B). Unfortunately, over-expression of either NRC1"Tor the auto-active mutant
does not result in an evidently increased resistance to a virulent pathogen either
(see below). To evaluate this, NRC1"T and NRC1P?%E were transformed to the tomato
cultivar MoneyMaker, which does not carry a resistance gene against V. dahliae
and is therefore susceptible to this pathogenic fungus (Fradin et al., 2009) (Chapter
3). Q-RT-PCR analysis confirmed the over-expression in the transgenic lines
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(Supplementary Fig. 1B). We reasoned that if NRCI is involved in the activation of
various defence responses next to cell death, the over-expression of the wild-type
and/or the D268E mutant might be enough to induce an increase in the basal defence
to V. dahliae in tomato, independent of the presence of the immune receptor Vel.
However, our results suggest that this is not the case. One possibility is that the
transgenes are not expressed to high enough levels to observe an effect on basal
resistance. Alternatively, despite the potential of both alleles to cause an HR when
over-expressed (with P19) in N. benthamiana, this auto-activity might not lead to
constitutive signalling into basal resistance to V. dahliae. It is possible that both
alleles might still depend on the activation of Vel as an upstream immune receptor
to mediate resistance against this pathogen. This might suggest that there could
be a difference with the ADR1 protein family, which consists of helper NB-LRRs
that, as mentioned before, are involved in MTI and basal resistance in Arabidopsis
(Bonardi et al., 2011; Collier et al., 2011). Nonetheless, additional experiments are
required to properly assess the possible function of NRC1 in basal resistance, as we
cannot exclude that it provides a minor contribution, which has been overlooked in
our preliminary studies. Finally, considering that over-expression was performed
under the control of the constitutive viral promoter 35S and that expression of the
transgene could be detected by Q-RT-PCR (Supplementary Fig. 1C), we consider the
lack of a detrimental developmental phenotype as encouraging preliminary data.

Overall, we envision a strategy in which an NRCI allele, carrying a gain-of-function
mutation that results in an increased signalling-capacity, is introduced in the already
existing commercial elite lines of tomato, resulting in plants with a primed immune
system (Fig. 2). However, the condition of “helper” NB-LRR implies that, despite of
being auto-active, the NRC1 mutant still relies on an up-stream immune receptor
to fully induce a more potent resistance response, allowing a better control of the
activation of the defence responses. Given that multiple NRC1-dependent immune
receptors would be combined with this engineered allele of NRC1, this strategy would
eventually lead to broad-spectrum resistance. In line with this rational is the recent
finding that Rx can be engineered to confer resistance against Poplar Mosaic Virus
(PopMV) in a process involves two steps. In a first instance recognition specificity
of the immune receptor is broaden by the artificial incorporation of a mutation in
the LRR domain. This, in combination with mutations in the NB-ARC domain that
sensitise the protein, allows a faster activation of the defence response and results in
resistant plants (Harris et al., 2013). Importantly, these findings illustrate that NB-
LRRs can be primed, in order to mediate activation of a stronger defence response
only after recognition of their elicitor, as we propose for NRC1.
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Figure 2: Cartoon depicting the proposed strategy for exploitation of NRC1 to obtain broad-spectrum resistance

(A) In tomato, extracellular and intracellular immune receptors trigger resistance upon perception of matching
effector proteins , activating a signalling cascade that relies on wild-type NRC1 (NRC1""). Activation of NRC1"*
induces the HR, but whether the HR is actually required for NRC1""-mediated resistance is unknown.

(B) Tomato plants are engineered to carry a mutant of NRC1 with a slightly increased signalling capacity
(NRC1auteactive) wyhich in the absence of a pathogen does not induce a constitutive activation of defence responses
leading to detrimental effects, but only increases the basal level of defence. However, upon perception of a
matching avirulence factor of the pathogen (either by an extracellular or an intracellular immune receptor),
NRC1aue-active g activated faster and/or stronger, conferring a more potent defence response. Due to its role as a
down-stream NB-LRR, which participates in the signalling cascade of several immune receptors, the resistance
conferred by NRC12utetive jg expected to be of a broad spectrum.
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Is death a path towards resistance...?

NB-LRR-induced HR needs nucleotide binding by the NB subdomain of the immune
receptor and therefore depends on the presence of an intact P-loop motif in this
subdomain. This is evidenced by the fact that transient over-expression of NB-LRRs
carrying a single amino acid substitution in the P-loop motif prevents HR initiation
(Dinesh-Kumar et al., 2000; Tao et al., 2000; Bendahmane et al., 2002; Tameling and
Joosten, 2007; Williams et al., 2011). Remarkably, two NB-LRRs have been described
that provide resistance independently of an intact P-loop motif. Arabidopsis ADRI1-
L2244 which belongs to the already mentioned ADRI1 protein family and carries
mutations in the three consecutive conserved residues of the P-loop motif, by which
nucleotide binding should be fully abolished, is still capable of mediating ETI to
avirulent pathogens as well as MTI and basal defence (Bonardi et al., 2011). Still,
HR induced by transient expression of ADR1-L2 in N. benthamiana, as well as the
dwarf phenotype associated with stable expression of the auto-active mutant ADR1-
L2944V in Arabidopsis, depend on an intact P-loop motif, suggesting that HR and
resistance can be uncoupled for ADR1-L2 (Roberts et al., 2013). Rice Pb1 constitutes
another example of an NB-LRR providing immunity in a non-canonical way. Pbl is
an atypical CNL protein that confers broad-spectrum resistance to several isolates of
the rice blast fungus (M. grisea). Sequence analysis of Pb1 revealed that this NB-LRR
does not contain an EDVID motif (HayaSHi et al., 2010), similar to what has been
reported for ADR1-likes (Collier et al., 2011). Moreover, most of the motifs of the NB-
ARC domain show high degeneration and a P-loop motif cannot be traced (Hayashi et
al., 2010), suggesting that Pb1 functioning is different from other NB-LRRs. Whether
Pb1l is capable of triggering an HR, either as a requirement for resistance against the
blast fungus or not, has not been examined. Considering that Pb1 possesses an MHD
motif as most other NB-LRRs, it would be of interest to examine whether a mutant
in the D residue of this motif will constitutively induce HR.

Whether NB-LRR-dependent HR and resistance can be uncoupled has been a long-
standing issue in plant pathology. In other words, is the HR required for resistance?
Moreover, although NB-LRRs are generally studied in relation to their ability to
induce an HR, is this really the mechanism by which they contribute to resistance?
The above-mentioned examples illustrate that indeed the HR and resistance may be
uncoupled for at least some NB-LRRs. Furthermore, the finding that an NB-LRR can
induce the HR does not necessarily mean that this capacity is required for providing
resistance, as has also been shown for other NB-LRRs such as Rx (Bendahmane et
al., 1995). In relation to this, we have identified three missense mutations in the
NB subdomain of NRC1 that, despite of negatively affecting the NRC1-dependent
HR, they do not compromise Vel-dependent resistance to V. dahliae of tomato
(Chapter 3). Although we cannot exclude that gene redundancy within the NRCI
gene family accounts for this apparent discrepancy, it can also be speculated that
NRC1-dependent HR and resistance are based on two pathways that are partly
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independent, in such a way that one can be disturbed by a specific mutation without
affecting the other.

Interestingly, resistance to V. dahliae isnot the only NRC1-dependent defence response
that does not rely on HR. Although the HR elicited by a gain-of-function mutant of Rx
is dependent on NRC1 (Gabriéls et al., 2007), Rx-mediated resistance to Potato Virus
X (PVX) is not dependent on an HR (Bendahmane et al., 1995). In agreement with the
finding for Vel, VIGS with the NRCI construct in transgenic N. benthamiana plants
containing the potato Rx gene were not affected in the resistance to PVX (Gabriels
et al., 2007). Requirement of an HR has also never been proven for resistance to C.
fulvum in tomato, although recognition of effectors from this fungus by the cognate
tomato Cf proteins is known to trigger a strong HR (Joosten and de Wit, 1999; van
der Hoorn et al., 2000). In fact, Stulemeijer et al. (2007) demonstrated that VIGS of
the tomato gene encoding Mitogen-activated Protein Kinase 2 (SIMPK2) results in a
compromised Cf-4/Avr4-triggered HR, whereas the Cf-4-dependent resistance to C.
fulvum was not affected. On the other side, VIGS of SIMPK]I resulted in an opposite
phenotype, since the Cf-4-mediated resistance to C. fulvum was affected but the Cf-4/
Avr4-triggered HR was not compromised (Stulemeijer et al., 2007). Overall, these
data indicate that in the tomato-C. fulvum interaction the HR and actual resistance
to the pathogen can also be uncoupled. Furthermore, these observations are in line
with the proposition that NRC1 might be involved in a signalling pathway leading to
pathogen resistance that is independent of the signalling pathway leading to HR in
which NRC1 also plays a role. To evaluate this, it would be of interest to investigate
whether tomato plants carrying the NRC1 loss-of-function mutations, identified by
TILLING (Chapter 3), are also compromised in their resistance to C. fulvum.

By exploiting a biological system that induces a synchronised and systemic Cf-4/Avr4-
dependent defence response in tomato seedlings, we observed that the activities of
Papain-Like Cysteine Proteases (PLCPs) and Serine Hydrolases (SHs) are differentially
regulated, preceding the induction of the hypersensitive cell death (Fig. 1) (Chapter
5). The activity of both groups of proteins specifically increased in transgenic tomato
seedlings co-expressing the tomato Cf-4 gene and its corresponding effector gene
from C. fulvum, Avr4, when compared to control lines that expressed either only
the receptor or the matching effector gene. Interestingly, PLCP- and SH activation
preceded the appearance of the Cf-4/Avr4-triggered cell death. Mass spectrometry-
based identification of the differentially regulated SHs revealed groups of proteins
that have already been related to the HR and in some cases are even considered
to be HR markers (Pontier et al., 1994; Pontier et al., 1998). However, we showed
that changes in their activity are independent of the execution of the Cf-4/Avr4-
triggered hypersensitive cell death, although the activation does depend on the
actual perception of Avr4 by Cf-4. Overall, our findings suggest that the recognition
of the fungal effector Avr4 by its corresponding immune receptor Cf-4 induces an
array of defence responses, of which cell death constitutes only one.
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It would be of interest to determine whether the above-mentioned changes in
hydrolytic activities of PLCPs and SHs depend on NRC1 (Fig. 1), similarly to what
has been shown for the Cf-4/Avr4-triggered PCD in tomato (Gabriéls et al., 2007).
Moreover, further studies are required to determine how the change in the hydrolytic
activity actually contributes to resistance to C. fulvum. Finally, since the changes in
these hydrolytic activities precede the HR and are likely independent of it, they
might be interesting targets for breeding programs.

As discussed above, the role of cell death in the NRC1-dependent defence responses
against C. fulvum and V. dahliae remains elusive. Although preliminary results
suggest that the HR might not be required for NRC1-mediated resistance (Chapter 3),
further experiments are required to address this issue in more detail. As mentioned
already, ADRI knockout Arabidopsis plants stably expressing ADR1-L24* which
is predicted to be impaired in nucleotide binding and therefore cannot trigger
HR, are still capable of mounting MTI and ETI (Bonardi et al., 2012). Similarly, it
would be interesting to test the resistance response of tomato plants expressing
NRC1¥9'® which carries an analogous mutation to that of ADR1-L24** and, as such,
is thought to be impaired in nucleotide binding and cannot trigger HR (Gabriéls
et al., 2007). Introduction of this mutant in an NRCI1/NRC2 knockout background,
therefore targeting the two more closely related NRC-like sequences (Chapter 3,
this thesis), would allow to properly evaluate the requirement of nucleotide binding
for the NRC1-mediated defence response. However, such an experiment is still a
major challenge when working with tomato, due to the limited genetic resources and
the generation time to obtain transgenic plants. Additionally, since the NRCI gene
family is not present in Arabidopsis (Chapter 3), exploiting this model plant system
is not an option. Recently developed techniques might allow replacement of the
WT allele of NRCI for that containing the K191R mutation (Nekrasov et al., 2013).
This strategy, in combination with VIGS-mediated silencing of NRC2, should result
in tomato lines useful to test the requirement of an intact P-loop motif for NRC1-
dependent resistance to C. fulvum and/or V. dahliae.

How can a down-stream signalling hub be activated?

As already stated, NRC1 is considered to be a helper NB-LRR that participates in the
signalling cascade leading to resistance to C. fulvum and V. dahliae in tomato, down-
stream of the plant immune receptors Cf-4 and Vel, respectively (Gabriéls et al.,
2007; Fradin et al., 2009). Moreover, NRC1 is also required for the HR triggered upon
the activation of highly diverse immune receptors in N. benthamiana (Gabriéls et
al., 2007). A summary of the findings of this thesis is presented in Figure 1. We have
shown that NRC1 interacts with HSP70, likely to maintain the protein in a properly-
folded manner and ready to be activated (Chapter 2). Interestingly, NRC1-containing
protein complexes probably harbour more than one NRC1 protein molecule, as
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evidenced by the observation that this NB-LRR forms oligomers in planta (Chapter
3). Moreover, we showed that NRC1 oligomers are formed in the pre-activation state
and are disrupted upon activation of the upstream Cf-4 immune receptor, reflecting
the dynamics of the NRC1 protein complex. The observation that the oligomer
represents the inactive state of NRC1 implies that this protein is inhibited in trans
through its interaction with one or more additional NRC1 molecules. This hypothesis
is further supported by the finding that the mutation E154K, which is a dominant
loss-of-function mutation, blocks disruption of the oligomer upon recognition of
Avr4 by Cf-4, thereby affecting the activity of NRC1 in trans. Finally, we identified
a set of new mutations that positively affect the activity of NRC1, allowing effector-
independent induction of the HR by the protein (Chapter 4).

A major, still to unravel, issue is the identification of the signal that is perceived
by NRC1 and triggers its activation. Considering that NRC1 assists a diverse set of
plant immune receptors, some of which recognize race-specific effectors (e.g. Rx,
1-2, Prf/Pto), whereas others sense fairly conserved molecules (e.g. Cf-4, Vel, Eix)
(Gabriéls et al., 2007), it is very unlikely that NRC1 itself recognizes a molecule of a
pathogen. A conserved molecule present in plants, either activated or induced as a
general response upon pathogen perception, is a more likely candidate for the NRC1-
activating molecule. For instance, ADR1-L2-dependent defence responses have been
related to both SA and Reactive Oxygen Species (ROS) induction, suggesting that
activation of non-canonical NB-LRR responses might rely on sensing changes in
the concentration of endogenous signalling molecules. It would be interesting to
investigate whether the NRC1-mediated defence response also depends on SA and
ROS, and whether NRC1 is sensing changes in the concentration of any of these
molecules.

Going back to animals... can we learn from them?

Animal NLRs are similar in structure and function to plant NB-LRRs, although they
seem to have originated independently (Ausubel, 2005). As immune receptors, they
trigger several defence pathways upon their activation, thereby orchestrating the
animal innate immune response. A major difference between animal NLRs and plant
NB-LRRs is that, while canonical NB-LRRs recognize race-specific molecules of
pathogens, animal NLRs are considered to be PRRs. As such, NLRs detect conserved
molecules as bacterial flagellin or peptidoglycan (Girardin et al., 2003; Girardin et
al., 2003; Franchi et al., 2006).

NODI1 and NOD2 are involved in perception of different epitopes of peptidoglycan,
a component of the bacterial cell wall (Chamaillard et al., 2003; Girardin et al.,
2003; Girardin et al., 2003). Similarly to what has been mentioned for plant NB-
LRRs in previous sections, swap experiments wherein the LRR regions of NODI1
and NOD2 (Nucleotide-Oligomerization Domain) were interchanged resulted in
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altered recognition specificity, suggesting that the LRR domain of these animal NLRs
participates in elicitor recognition (Girardin et al., 2005). Upon sensing of cytosolic
bacterial flagellin, as well as components of the bacterial Type Three Secretion
System (TTSS), NLRC4 (NLR family CARD domain-containing 4) forms higher-order
protein complexes known as inflammasomes (Franchi et al., 2006; Miao et al., 2006;
Miao et al., 2010). Remarkably, recent evidence indicates that different members
of the NAIP (Neuronal Apoptosis Inhibitory Protein) NLR family are required for
NLRC4 activation in mice (Kofoed and Vance, 2011). In fact, mice NAIP5 and NAIP6
are required for flagellin perception, whereas recognition of the rod protein, a
component of the bacterial TTSS, relies on NAIP2 (Kofoed and Vance, 2011). This
situation clearly resembles the sensor and helper distinction in the NB-LRR field.

An interesting case is that of NLRP3, which is activated by a wide range of signals
and participates in immune responses activated upon infection with viral, bacterial
and fungal pathogens (Elinav et al., 2011). Although direct interaction of NLRP3
with microbial activators might occur (Marina-Garcia et al., 2008), a more general
mechanism is envisioned for the activation of this NLR, involving internal danger-
associated factors. Different molecules have been shown to induce the assembly
of an NLRP3-containing inflammasome, such as extracellular ATP (eATP), pore-
forming bacterial toxins, cathepsin B and other lysosomal enzymes, mitochondria-
derived ROS, phospholipids and DNA as well as Endoplasmic Reticulum (ER) stress
(Elinav et al., 2011; Monie, 2013; Wen et al., 2013). In addition to ROS, which
have already been implicated in the activation of NB-LRRs (Bonardi et al., 2011),
it would be interesting to study a possible link between perception of these stress
signals and NB-LRR activation. eATP, for instance, has recently become an emerging
topic in plant biology, and many publications have illustrated its involvement in
developmental processes (Terrile et al., 2010; Clark and Roux, 2011; Hao et al.,
2012), as well as in the response to stress (Chivasa et al., 2009; Chivasa et al., 2009,
Sun et al., 2012) and mounting of PCD (Sun et al., 2012). Considering the above-
mentioned promiscuity of both NRC1 and NLRP3, it is tempting to speculate that
NRC1 might also sense disturbances of cellular homeostasis, similarly to what is
generally accepted for NLRP3.

Perspective

The mind of a scientist, and likely that of all humans, tends to look for general
patterns. Although this simplification is generally very useful to understand
processes, in biology often exceptions to the general pattern are the rule. This is
also the case in the NB-LRR research field. Extensive research has aimed at the
identification of a general mechanism to explain the events occurring before, during
and after NB-LRR activation. However, although there are points in common in
NB-LRR function, such a general mechanism has so far not been found. In fact,
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the diversity of the described signalling cascades suggests that such a common
mechanism might not exist.

The crystal structure of some NB-LRR domains have become available over the
last couple of years (Bernoux et al., 2011; Maekawa et al., 2011). Additionally, very
recently the crystal structure of NLRC4, a mammalian NLR, has been resolved,
which has provided insight into its auto-inhibition mechanism (Hu et al., 2013). A
prediction is that in the coming years major findings will advance the field of the
structural biology of NB-LRRs. This should allow answering how the conformation
of NB-LRRs is in their pre- and activated state.

Clearly, the genetic resources needed to engineer plants in the search of durable
and broad-spectrum resistance are available and await exploitation. Success in this
respect is more likely to be achieved in the context of an integrated approach that
not only involves the commercialization of newly generated breeding lines. Even
more so, it will fully rely on the concerted efforts of both the scientific community
and society.
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Supplementary Figure S1: Transgenic tomato lines constitutively over-expressing NRC1"T or a mild
auto-active mutant (NRC1P%¢E) show no developmental phenotype

(A) Mutation D268E induces mild auto-activity in NRC1 upon its transient expression in N. benthamiana.
NRCIP#8E and NRC1™" were transiently expressed in N. benthamiana with (+) or without (-) the silencing
suppressor P19 at a final 0D, of either 0.1 (upper spots) or 0.5 (lower spots). At 7 dpi leaves were harvested
and chlorophyll was washed out with 70% ethanol in water for proper visualization of cell death. Absence

(black-circled spots) and presence (yellow-circled spots) of cell death is indicated.
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(B) Expression levels of the NRCI transgene in the various tomato lines. Transgenic lines constitutively
over-expressing NRC1P?°*F or NRCI™" were generated by Agrobacterium-mediated transformation. Several
independent lines were selected for each NRCI variant and expression of the transgene in individual
T1 plants was confirmed by g-RT-PCR. For each plant, transgene expression is shown relative to the
expression level of endogenous NRCI. Values indicate the average transgene expression calculated from
at least five plants per line. The letter ‘a’ indicates a significant statistical difference, as determined by a
non-parametric ANOVA test (Kruskal-Wallis).

(C) Transgenic lines of tomato constitutively over-expressing NRCIP?%E or NRCI"' do not show a
developmental phenotype. Transgenic lines constitutively over-expressing NRCIP#8F or NRCI"" were
generated by Agrobacterium-mediated transformation. At least two independent T1 lines were selected for
each NRCI variant, seeds were sown and seedlings were sprayed with kanamycin to eliminate segregating,
non-transgenic plants. The presence of the transgene was confirmed by PCR on genomic DNA. Plants
that survived the kanamycin spray were grown for four to five weeks to evaluate possible developmental
phenotypes. This procedure was repeated three times, with at least 15 plants per line. Pictures depict
representative plants for each line. Non-transgenic MoneyMaker is included as control.
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SUMMARY

Summary

Plants possess an innate immune system that allows them to detect harmful
pathogens and mount a defence response to block their proliferation. The ability to
recognize pathogens relies on the presence of plant immune receptors, which are
divided into two main groups: Pattern-Recognition Receptors (PRRs) and Resistance
(R) proteins. PRRs recognise conserved structural components of pathogens, known
as Microbe-Associated Molecular Patterns (MAMPs) and trigger MAMP-Triggered
Immunity (MTI). In contrast, R proteins directly or indirectly recognize virulence
factors from pathogens, also known as effectors, which are generally not conserved
and subsequently trigger Effector-Triggered Immunity (ETI). Direct recognition
involves physical interaction between the effector and the matching R protein,
whereas indirect recognition implicates detection of modified plant proteins, so-called
virulence targets, as a consequence of effector activity inside the host. ETI mainly
involves the participation of intracellular R proteins, most of which are Nucleotide-
Binding, Leucine-Rich Repeat proteins or NB-LRRs. NB-LRRs bind either ATP or ADP
through their central nucleotide-binding domain (NB-ARC domain), which results in
different conformations of the protein. The ATP-bound form of a NB-LRR represents
the active state and the hallmark of NB-LRRs is their capacity to induce a plant-
specific form of programmed cell death, known as the Hypersensitive Response (HR).

Although most NB-LRRs are associated with effector recognition, recent reports
have demonstrated that they can also function as assistants of other immune
receptors. Previously, the identification of tomato NRC1 (NB-LRR Required for HR-
associated Cell death-1) was reported, which is an NB-LRR required for resistance
to the fungal pathogens Cladosporium fulvum and Verticillium dahliae mediated by
the extracellular immune receptors Cf-4 and Vel, respectively. Moreover, NRC1 is
also involved in the down-stream signalling cascades leading to the HR activated by
several intracellular (Rx, I-2, Mi-1 and Prf/Pto) and extracellular (Cf-4 and Cf-9) R
proteins.

The objective of this PhD project was to study the functioning of the down-stream
NB-LRR protein NRC1, with a focus on exploring the ways by which this protein
might be exploited to obtain broad-spectrum resistance to pathogens.

In Chapter 1, the plant innate immune system and its main players are introduced,
with a major focus on the role and functioning of NB-LRR proteins. Moreover, the
current knowledge on NB-LRR signalling in plants is contrasted with what is known
about similar proteins functioning as immune receptors in mammals known as
Nucleotide-binding, Leucine-rich repeat-like Receptors (NLRs). Finally, the need to
obtain broad-spectrum resistance of plants to pathogens is raised and the possibility
of achieving this by exploiting a down-stream signalling NB-LRR, such as NRC1, is
considered.
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In order to gain insight into the mechanism by which NRCI assists different plant
immune receptors, Chapter 2 describes the search for NRC1 interactors in planta.
For this, immuno-precipitation assays of eGFP fusions of the NB (Nucleotide-Binding)
subdomain of NRC1 (NRC1-NB), the full-length wild-type (WT) protein (NRC1"7) and
NRC1P#! an auto-active mutant that induces an HR upon its transient expression
in Nicotiana benthamiana, were performed. Mass spectrometry analysis revealed
Heat Shock Protein 70 (HSP70) as an interactor of both NRC1-NB and NRC1%W", which
was confirmed by in planta co-immuno-precipitation experiments.

As an alternative approach to study NRC1 functioning, the studies described in
Chapter 3 were focused on the identification of mutations that potentially affect
the signalling activity of NRC1. A TILLING (Targeting Induced Local Lesions IN
Genomes) analysis in tomato was conducted, in which the region encoding the
NB-ARC domain and the first four LRRs of the NRCI gene were sequenced in a
high-throughput fashion, in an EMS-mutagenized tomato population. Three loss-
of-function mutations were identified that caused a reduction in the HR-signalling
activity of NRC1 in cis. Interestingly, one of these mutations (E154K) has a dominant-
negative effect on the activity of NRC1"7, as it reduced the HR-inducing activity
of the protein in trans as well as in cis. By performing co-immuno-precipitation
experiments, it was observed that NRC1 self-associates in planta, prior to activation
of an upstream immune receptor. The NRC1 oligomer is disrupted upon defence
activation, suggesting that the monomer is the active form of the protein. Moreover,
mixed oligomers containing both NRC1"T and NRC1®'%*f are more stable, thereby
providing a possible mechanism causing the dominant negative effect. Interestingly,
tomato plants homozygous for any of the three mutations in NRC1 are still resistant
to V. dahliae mediated by Ve-1. This indicates that although the mutations affect the
NRC1-dependent HR, they do not compromise NRC1-dependent resistance to this
fungal pathogen. Importantly, this finding illustrates the possibility that the HR and
resistance are uncoupled in the NRC1-signalling pathway.

The observation that NRC1 is a signalling hub for different classes of immune
receptors suggests that enhancing its signalling capacity in plants has the potential
to generate broad-spectrum resistance to different pathogens. Therefore, to identify
mutations in NRC1 that cause an increased signalling activity of the protein, a library
of mutants in the NB-ARC domain of NRC1 was generated (Chapter 4). The random
mutants were obtained by an error-prone PCR reaction and were screened for their
capacity to induce an elicitor-independent HR upon their transient expression in N.
tabacum. The screening of 1920 clones retrieved 12 mutants, in total containing 28
missense mutations, which induced an elicitor-independent HR. After deconvolution,
the single amino acid substitutions responsible for the phenotypes of nine of the
mutants were identified through site-directed mutagenesis. Five of the nine gain-of-
function mutations were located at the conserved GLPL motif present in the ARC1
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subdomain of NRC1, suggesting that this motif is involved in modulating the activity
of NRC1. The HR induced by the various NRC1 mutant proteins varied in timing and
strength, indicating a versatile effect of the different gain-of-function mutations,
thereby providing insight into the regulation of NRC1 signalling. The possibility of
implementing these mutations in NRC1 in breeding programs to obtain resistance to
a broad range of pathogens is discussed.

To deepen our knowledge on the molecular events during activation of an HR-
signalling cascade, the activity of several hydrolytic enzymes in tomato seedlings
undergoing a synchronized HR was monitored (Chapter 5). In these seedlings, the
HR is initiated by the expression of the C. fulvum effector protein Avr4, which is
recognized by the immune receptor Cf-4 that is also expressed in these plants. Using
Activity-Based Protein Profiling (ABPP), which displays the active proteome by
using small molecule probes that irreversibly react with the active site of specific
enzymes, we found that the activity of Papain-Like Cysteine Proteases (PLCPs)
and Serine Hydrolases (SHs) strongly changes upon activation of the HR. Induced
activities comprise different subtilases and carboxylesterases, including respectively
P69B and Hsr203. In contrast, serine carboxypeptidase activity was down-regulated
during the HR. Interestingly, we observed that changes in the hydrolytic activities
of these SHs preceded the HR, suggesting that despite of being modulated by the
induction of HR they are likely not required for cell death per se.

Finally, in Chapter 6 the exploitation of NRCI in obtaining broad-spectrum
resistance against pathogens, based on the newly available data, is discussed. A
mechanism that could explain NRC1-mediated broad-spectrum resistance against
pathogens is proposed and this is compared to current insights obtained from studies
on mammalian Nucleotide-binding, Leucine-rich repeat-like Receptors (NLRs).
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Samenvatting

Planten beschikken over een soort van immuunsysteem dat ze in staat stelt om
schadelijke ziekteverwekkers, ook wel pathogenen genoemd, te detecteren en een
afweerreactie te activeren waardoor de infectie wordt gestopt. Het vermogen
van planten om pathogenen te herkennen is gebaseerd op de aanwezigheid van
immuunreceptoren. Dit zijn eiwitten die kunnen worden onderverdeeld in twee
hoofdgroepen; de zogenaamde “Pattern Recognition” Receptoren (PRRs) en Resistentie
(R) eiwitten. PRRs herkennen relatief geconserveerde structurele componenten van
ziekteverwekkers, die bekend staan als “Microbe-Associated Molecular Patterns”
(MAMPs), en activeren vervolgens “MAMP-Triggered Immunity” (MTI). R eiwitten
herkennen daarentegen specifieke virulentiefactoren van pathogenen en deze
herkenning kan zowel direct als indirect plaatsvinden. Virulentiefactoren staan
ook bekend als effectoren en deze eiwitten hebben doorgaans geen geconserveerde
structurele domeinen. De herkenning van effectoren door R eiwitten leidt tot het
activeren van “Effector-Triggered Immunity” (ETI). Directe herkenning vindt plaats
als gevolg van een fysieke interactie tussen de effector en het bijbehorende R eiwit,
terwijl bij indirecte herkenning het R eiwit de modificatie van een eiwit van de
plant, het zogenaamde virulentie doelwit, als gevolg van effector-activiteit in
de gastheer detecteert. Bij ETI zijn meestal intracellulaire R eiwitten betrokken,
dit zijn de =zogenaamde “Nucleotide-Binding, Leucine-Rich Repeat”(NB-LRR)
eiwitten. Deze NB-LRRs binden ofwel ATP of ADP met behulp van het centrale
nucleotide-bindende domein (het zogenaamde NB-ARC domein), waardoor het eiwit
verschillende conformaties kan aannemen. De ATP gebonden vorm van een NB-LRR
vertegenwoordigt de actieve toestand van het eiwit en in deze staat kunnen NB-LRRs
een plant-specifieke vorm van geprogrammeerde celdood activeren. Deze vorm van
celdood wordt ook wel de overgevoeligheidsreactie (“Hypersensitive Response” (HR))
genoemd.

Hoewel de meeste NB-LRRs worden geassocieerd met effector herkenning, hebben
recente publicaties laten zien dat ze ook een soort van assisterende rol kunnen
spelen en daarmee het functioneren van andere immuunreceptoren mogelijk
maken. Recentelijk is de identificatie van tomaat NRC1 (“NB-LRR Required for
HR-associated Cell death-1") beschreven. NRC1 is een NB-LRR die een rol speelt
in resistentie tegen de schimmels Cladosporium fulvum en Verticillium dahliae,
welke respectievelijk wordt geactiveerd door de extracellulaire immuunreceptoren
Cf-4 en Vel. NRC1 is bovendien ook betrokken bij de HR die wordt geactiveerd
door verschillende intracellulaire R eiwitten, zoals Rx, I-2, Mi-1 en Prf/Pto en de
extracellulaire R eiwitten Cf-4 en Cf-9.

Dit promotieonderzoek had als doel het werkingsmechanisme van het NB-LRR eiwit
NRCI1 te begrijpen, en op grond daarvan de mogelijkheden te onderzoeken om dit
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eiwit te gebruiken om breed-spectrum resistentie van tomaat tegen pathogenen te
verkrijgen.

In Hoofdstuk 1 worden het immuunsysteem van planten en de belangrijkste spelers
hierin geintroduceerd, met speciale aandacht voor de rol en functie van NB-LRR
eiwitten in de resistentie van planten tegen ziekteverwekkers. Bovendien wordt
de huidige kennis over NB-LRR signalering in planten vergeleken met wat reeds
bekend is over vergelijkbare immuunreceptoren van zoogdieren. Tenslotte wordt de
noodzaak om breed-spectrum resistentie van planten tegen pathogenen te verkrijgen
besproken en wordt de mogelijkheid bediscussieerd om dit type resistentie te
genereren door gebruik te maken van NB-LRRs, zoals NRC1.

Om inzicht te krijgen in het mechanisme waarmee NRC1 mogelijk andere NB-LRR
immuunreceptoren bij hun functioneren assisteert, is er naar NRC1 interactoren in
planta gezocht (Hoofdstuk 2). Hiervoor zijn immunoprecipitatie assays uitgevoerd
met eGFP eiwitfusies van het nucleotide-bindende (NB) sub-domein van NRCI1
(NRC1-NB), het volledige NRC1 wild-type (WT) eiwit (NRC1WT) en NRC1P'V, Deze
laatste is een auto-actieve mutant van NRC1 die een HR induceert wanneer deze
tot expressie wordt gebracht in de modelplant Nicotiana benthamiana. Analyses
met behulp van massaspectrometrie resulteerden in de identificatie van “Heat Shock
Protein 70" (HSP70) als een interactor van zowel NRC1-NB als NRC1"7T, hetgeen werd
bevestigd met behulp van in planta co-immunoprecipitatie experimenten.

In Hoofdstuk 3 zijn de studies beschreven die gericht zijn op de identificatie van
mutaties in NRC1 die invloed hebben op de signalerende activiteit van dit NB-LRR
eiwit. Dit onderzoek vormt een alternatieve benadering voor het bestuderen van
de werking van NRC1. Er werd een TILLING (“Targeting Induced Local Lesions IN
Genomes”) analyse in tomaat uitgevoerd, waarbij het deel van het NRCI gen dat
codeert voor het NB-ARC domein en de eerste vier LRRs van NRC1 in een EMS-
gemutageniseerde populatie van tomaat werd geanalyseerd met behulp van “high-
throughput” sequencing. Er werden drie mutaties geidentificeerd die (in cis) leidden
tot een vermindering van de signaleringsactiviteit van NRC1. Interessant was dat één
van deze mutaties (E154K) een dominant-negatief effect op de activiteit van NRC1"T
bleek te hebben, omdat zowel in trans als in cis de HR-inducerende activiteit van het
NRC1 eiwit verminderd was. Met behulp van co-immunoprecipitatie experimenten
werd waargenomen dat NRC1 in planta constitutief oligomeren vormt, dus zonder
dat er een immuunreceptor is geactiveerd die zou leiden tot NRC1 activatie. De
NRC1 oligomeer dissocieert wanneer de plantafweer wordt geactiveerd, hetgeen
suggereert dat het NRC1 monomeer de actieve vorm van het eiwit is. Oligomeren
bestaande uit zowel NRC1WT als NRC1E!%*¢ bleken stabieler te zijn en dit kan een
mogelijke verklaring zijn voor het dominant negatieve effect van de NRC1 mutant.
Een interessante waarneming was ook dat tomatenplanten die homozygoot zijn
voor één van de drie EMS-geinduceerde mutaties in NRCI nog steeds resistent zijn
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tegen V. dahliae, wat aangeeft dat weliswaar de mutaties de NRC1-afhankelijke HR
verminderen, maar deze geen effect hebben op de NRCI-afhankelijke resistentie
tegen deze schimmel. Deze waarneming laat zien dat de HR en de resistentie mogelijk
ontkoppeld zijn in de door NRC1 geactiveerde signaleringsroute.

NRC1 is een eiwit waar de diverse signaleringsroutes die worden geactiveerd door
verschillende immuunreceptoren, behorende tot uiteenlopende klassen, bij elkaar
lijken te komen. Dit suggereert dat een verhoging van de signaleringsactiviteit
van NRC1 de potentie heeft om breed-spectrum resistentie tegen verschillende
pathogenen te genereren. Daarom werden diverse mutaties in het NB-ARC
domein van NRC1 aangebracht (Hoofdstuk 4), met als doel mutaties in NRC1 te
identificeren die een verhoogde signalerende activiteit van het eiwit veroorzaken.
De willekeurige mutanten werden verkregen door het uitvoeren van een voor
fouten gevoelige PCR reactie en deze werden vervolgens getest op hun vermogen
om een effector-onafhankelijke HR te induceren na hun expressie in N. tabacum.
Screening van 1920 NRC1 mutanten resulteerde in de identificatie van 12 varianten,
met daarin aanwezig een totaal van 28 mutaties, die een HR veroorzaken. Door
middel van aminozuur codon-gerichte mutagenese werden, na deconvolutie, de
aminozuursubstituties die verantwoordelijk zijn voor de fenotypen van negen
van de 12 mutanten geidentificeerd. Vijf van de negen mutaties die resulteerden
in een auto-actieve vorm van NRCI bleken te liggen in het geconserveerde GLPL
motief dat aanwezig is in het ARC1 sub-domein van NRC1. Dit suggereert dat dit
motief betrokken is bij het moduleren van de activiteit van NRC1. De HR die wordt
geinduceerd door de verschillende mutanten van NRC1 varieert in timing en sterkte,
hetgeen wijst op een veelzijdig effect van de diverse mutaties op de activiteit van
NRCI1. Hierdoor kan inzicht worden verkregen in de manier waarop de signalering
van NRC1 wordt gereguleerd. In dit hoofdstuk wordt tevens de mogelijkheid
besproken om deze mutaties in NRC1 te gebruiken in veredelingsprogramma’s om
resistentie te verkrijgen tegen een breed scala aan ziekteverwekkers.

Om meer te weten te komen over wat er exact plaatsvindt op moleculair niveau
tijdens de activering van de signaleringsroute die leidt tot de HR, is de activiteit
van diverse hydrolytische enzymen bepaald in zaailingen van tomaat die een
gesynchroniseerde en systemische HR ondergaan (Hoofdstuk 5). In deze zaailingen
wordt de HR geinitieerd door de expressie van het C. fulvum effectoreiwit Avr4,
dat wordt herkend door de immuunreceptor Cf-4, welke ook aanwezig is in deze
zaailingen. Met behulp van “Activity-Based Protein Profiling” (ABPP) kan het actieve
proteoom worden aangetoond door kleine moleculen te gebruiken die onomkeerbaar
reageren met de katalytische site van specifieke enzymen. Met deze techniek
is gevonden dat de activiteit van “Papain-Like” Cysteine Proteasen (PLCPs) en
bepaalde Serine Hydrolasen (SHs) significant veranderde bij de activering van de
HR. Verschillende subtilasen en carboxylesterasen, waaronder respectievelijk P69B
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en Hsr203, werden sterk geactiveerd, terwijl de serine carboxypeptidase activiteit
afnam tijdens het activeren van de HR. Interessant is dat de veranderingen in de
hydrolytische activiteit van deze SHs voorafgingen aan de HR, wat suggereert
dat ondanks dat hun activiteit wordt beinvloed door de inductie van de HR, deze
enzymen als zodanig waarschijnlijk niet nodig zijn voor de celdood op zich.

Tenslotte wordt in Hoofdstuk 6 het gebruik van NRC1 om breed-spectrum resistentie
van planten tegen pathogenen te verkrijgen, op basis van de nieuwe beschikbare
gegevens, besproken. Er wordt een mechanisme voorgesteld dat breed-spectrum
resistentie tegen pathogenen als gevolg van NRC1 activiteit zou kunnen verklaren
en dit wordt vergeleken met de huidige inzichten verkregen uit studies betreffende
“Nucleotide-binding, Leucine-rich repeat-like Receptors” (NLRs) afkomstig van
zoogdieren.
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Resumen

Las plantas poseen un sistema inmune innato que les permite detectar patégenos y
desencadenar una respuesta de defensa para bloquear su proliferacién. La habilidad
de reconocer dichos patégenos depende de la presencia de receptores inmunes, que
se clasifican en dos grupos principales: Receptores de Reconocimiento de Patrones
(del inglés Pattern-Recognition Receptors, PRRs) y proteinas de Resistencia (R). Los
primeros reconocen estructuras altamente conservadas de la superficie microbiana,
conocidos como Patrones Moleculares Asociados a Microbios (del inglés Microbial-
Associated Molecular Patterns, MAMPs). En contraste, las proteinas de resistencia
detectan factores de virulencia producidos por el patégeno, también conocidos como
efectores patogénicos. Dichos efectores presentan generalmente una conservacién
limitada entre diferentes microorganismos y permiten al patégeno bloquear la
respuesta de defensa de la planta; estableciendo un ambiente propicio para su
proliferaciéon. La mayoria de las proteinas de resistencia corresponde al grupo de
las NB-LRRs (del inglés Nucleotide-Binding, Leucine-Rich Repeat). A través de su
dominio central de unién a nucleétido (dominio NB-ARC) las NB-LRRs unen ATP o
ADP, resultando en cambios en la conformacién tridimensional de la proteina. La
conformacién unida a ATP representa el estado activo de la NB-LRR, cuyo sello
principal es la capacidad de inducir la respuesta hipersensible (RH), una clase de
muerte celular programada asociada a defensa.

Aunque la mayoria de las NB-LRRs estan asociadas al reconocimiento de efectores
patogénicos, publicaciones recientes han demostrado que también colaboran con
otros receptores inmunes vegetales. Por egjemplo, la NB-LRR de tomate NRC1 (NB-
LRR Requerida para la muerte Celular asociada a la respuesta hipersensible-1)
es necesaria para la resistencia a los patégenos fungicos Cladosporium fulvum y
Verticillium dahliae mediada por los receptores inmunes Cf-4 y Vel, respectivamente
(Gabriéls et al, 2007; Fradin et al, 2009). Por otra parte, NRC1 también participa en
las cascadas de sefializacién que conducen a la respuesta hipersensible activada por
varios receptores inmunes intracelulares (Rx, I-2, Mi-1 y Prf/Pto) y extracelulares
(Cf-4 y Cf-9) (Gabriéls et al ., 2007).

El objetivo de esta tesis doctoral fue estudiar el funcionamiento de NRC1, focalizando
en los posibles mecanismos por medio de los cuales esta proteina podria ser explotada
para obtener resistencia de amplio espectro a patégenos en tomate.

En el capitulo 1, se introducen el sistema inmune vegetal y sus principales actores,
con un enfoque principal en la funcién de las proteinas NB-LRR. Por otra parte, se
contrasta lo conocido acerca de receptores inmunes similares en animales con los
conocimientos actuales sobre sefializacién mediada por NB-LRRs en plantas. Por
ultimo, este capitulo plantea la necesidad de obtener plantas con resistencia a un
amplio espectro de patégenos; asi como la posibilidad de lograr esto mediante la
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explotacién proteinas involucradas en la sefalizacién de la respuesta inmune, tales
como NRC1.

El capitulo 2 describe la bisqueda de proteinas que interactian con NRCI en la
planta, con el fin de comprender mejor el mecanismo por el cual NRC1 asiste a
diferentes receptores inmunes durante la respuesta inmune en tomate,. Para ello, se
fusiono la proteina fluorescente eGFP al subdominio de unién a nucleétido (NRC1-
NB) asi como a la proteina completa (salvaje, NRC1Y") y a una versién mutante de
NRC1 que es capaz de inducir respuesta hipersensible en ausencia del patégeno
(NRC1P#8V), Estas proteinas fueron producidas en tabaco salvaje (Nicotiana
benthamiana) y posteriormente precipitadas utilizando anticuerpos dirigidos contra
GFP Finalmente, se detecto la presencia de proteinas interactoras in planta mediante
espectrometria de masas. El andlisis de los resultados revelé que la proteina HSP70
(del inglés Heat Shock Protein 70) interactiia con NRC1-NB y NRC1™7, lo cual fue
posteriormente confirmado por ensayos de co-inmunoprecipitacion.

Como un enfoque alternativo para estudiar el funcionamiento NRC1, los estudios
descritos en el capitulo 3 se centraron en la identificacién de mutaciones que
potencialmente afectan la actividad de senalizacién de NRC1. Para ello, el dominio
NB-ARC y las primeras cuatro repeticiones de leucina (LRRs) del gen NRC1 fueron
secuenciados en una poblacién de tomate mutagenizada con el agente metano
sulfonato de etilo. Dicho método, conocido como TILLING (del inglés Targeting
Induced Local Lesion IN the Genome), permitié la identificacién de tres mutaciones
en el subdominio de unién a nucleétido de NRC1 (E154K, R277H y E258G). Al ser
introducidas en la secuencia proteica de NRC1 (en cis), todas las mutantes fueron
incapaces inducir respuesta hipersensible, indicando que se trata de mutaciones de
pérdida de funcién. Por otra parte, la mutacién E154K también afect6 la actividad de
NRC1 salvaje (NRC1™7) en trans. Dicho efecto dominante negativo sobre la actividad
de NRC1 "Tsugiere que NRC1 es capaz de formar oligémeros in planta. Con el objetivo
de evaluar esta posibilidad se realizaron experimentos de co-immunoprecipitacién.
Efectivamente, NRC1 forma oligémeros in planta, los cuales se desestabilizan tras
la activacién de la respuesta de defensa, sugiriendo que el monémero es la forma
activa de la proteina. Por otra parte, los oligdbmeros mixtos que contienen NRC1%WT y
NRC1E5#€ son mas estables, proporcionando de este modo un posible mecanismo por
el cual NRC1E%* ejerce su efecto dominante negativo sobre la actividad de NRC1W™.
Curiosamente, las plantas de tomate homocigotas para cualquiera de las tres
mutaciones identificadas son resistente al hongo V. dahliae; indicando que aunque
las mutaciones afectan la capacidad de NRC1 de inducir la respuesta hipersensible,
no comprometen la respuesta de resistencia mediada por dicha proteina. Este
hallazgo pone de manifiesto la posibilidad de que la respuesta hipersensible y la
resistencia, ambas dependientes de NRC1, pueden ser desacopladas.
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La observaciéon de que NRC1 es un punto en el cual convergen las vias de sefializacion
inducidas por diferentes clases de receptores inmunes sugiere que manipular su
capacidad de senalizacion tiene el potencial de generar resistencia a un amplio espectro
de patégenos. Porlotanto, paraidentificar mutaciones en NRC1 que causen un aumento
de la actividad de senalizacién de la proteina, permitiendo la induccién de respuesta
hipersensible en la ausencia de patégenos, se generd una biblioteca de mutantes en el
dominio NB- ARC de NRC1 (capitulo 4) . Los mutantes fueron obtenidos de manera
aleatoria mediante una reacciéon de PCR que introduce errores en la secuencia de
ADN vy fueron seleccionados por su capacidad de inducir respuesta hipersensible al
ser producidas de manera transitoria en tabaco (N. tabacum). El analisis de 1920
clones mutantes permiti6 la identificacién de 12 mutantes que indujeron respuesta
hipersensible en tabaco, los cuales presentaron en total 28 mutaciones. Mediante
estudios de mutagénesis dirigida se identificaron las mutaciones responsables de
los fenotipos de nueve de los 12 clones mutantes. Cinco de las nueve mutaciones se
encuentran alrededor del motivo GLPL, ubicado en el subdominio ARC1 de NRCI,
sugiriendo que este motivo estaria involucrado en modular la actividad de la proteina.
Por otra parte, las distintas mutaciones afectaron la actividad de NRC1 de manera
diferente en términos de tiempo e intensidad de la respuesta hipersensible inducida.
Finalmente, se discute la posibilidad de implementar estas mutaciones para obtener
resistencia a una amplia gama de patégenos.

Para profundizar en el conocimiento de los eventos moleculares desencadenados ante
la activacion de la respuesta hipersensible, el capitulo 5 esta enfocado en el estudio
de la actividad de varias enzimas hidroliticas en plantulas de tomate sometidas a una
respuesta hipersensible sincronizada. En estas plantulas la respuesta hipersensible
es iniciada debido a la expresién simultanea del efector de C. fulvum Avr4 y del
correspondiente receptor inmune de tomate, Cf-4. A fin de estudiar diferentes
actividades enzimaticas se utiliz6 la técnica ABPP (del inglés, Activity-Based Protein
Prifiling), la cual muestra el proteoma activo de un tejido utilizando pequenas
moléculas que reaccionan de manera irreversible con el sitio activo de enzimas
especificas. La actividad de diferentes tipos de serin hidrolasas se vio afectada ante
la activacion de la respuesta hipersensible. Ejemplos de ello son subtilasas (P69) y
carboxilesterasas (Hsr203); cuya actividad incrementé. Por el contrario, la actividad
de una serin carboxipeptidasa disminuy6 ante el desencadenamiento de la respuesta
hipersensible. Curiosamente, los cambios observados ocurrieron antes de la apariciéon
macroscépica de muerte celular.

Finalmente, en base a los resultados expuestos en esta tesis doctoral, el capitulo
6 discute la posibilidad de explotar NRC1 en la btusqueda de plantas resistentes a
una amplia gama de patégenos. Asimismo, se propone un posible mecanismo por
medio del cual NRC1 media la respuesta de resistencia en tomate; el cual también
es contrastado con la informacién disponible sobre receptores inmunes similares en
animales.
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