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Chapter 1

General Introduction




Plant-parasitism by cyst nematodes

The phylum Nematoda is characterized by a remaekiigh biological diversity. Based on

their feeding behavior, members in this phylum tendivided into fungal and bacterial

feeders, predators and omnivores as well as atyarigplant-, animal- and human parasites.
Most of the plant-parasitic species are obligatoigtrophs highly adapted to feeding from

living host cells. They have evolved different sgaes to infect their host plants, and to
acquire their nutrients from the host. For exampigratory ectoparasitic nematodes live in
the rhizosphere and feed from outside the planémdermal root cells or root hairs. At the

other end of the spectrum are the sedentary enalsiparspecies that migrate into the host
roots to establish a permanent feeding site. Thmupgrof the sedentary endoparasites
represents the most sophisticated form of planagitém and includes cyst nematodes
(Heteroderaspp. andsloboderaspp.) and root-knot nematodédgloidogynespp).

The level of sophistication in plant parasitismleefs in the survival strategies
deployed by cyst nematodes in and outside hosttgldor instance, at the end of each
growing season, fertilized nematode eggs remathersoil inside so-called cysts, which are
protective containers formed by hardened dead fhadiies. The eggs can survive in the soil
for up to 30 years in a dormant anabiotic statei€meed in Williamson et al., 1996). Juveniles
of the potato cyst nematodeSl¢bodera rostochiensiand G. pallida) exit their dormancy
and hatch from the eggs only in the presence of ddtusates from a proper host. This
phenomenon essentially synchronizes the lifecyofebost and parasite. The invigorated,
freshly-hatched juveniles move towards a root dfoat plant. They penetrate this root to
migrate further intracellularly through the roddgiies while searching for a proper location to
induce a feeding site.

The feeding site induced by cyst nematodes is@bed syncytium, which is initiated
in the cortex or pericycle cell layers but latepands into the vascular tissues of an infected
root (reviewed by Gheysen and Mitchum, 2008; Chse&tl al., 2006; Sobczak and
Golinowski, 2008). A syncytium comprises of a mulitleate structure made through the
coalescence of neighboring cells close the nematdusad; even up to 200 cells can be
incorporated (Jones 1981). Cells included into glacytium undergo drastic changes in
morphology and metabolic activity. This is appardayt the enormous proliferation of
subcellular organelles involved in energy producttiand protein synthesis such as
mitochondria, endoplasmic reticulum, and ribosonfgsother hallmark feature of syncytia
are elaborate cell wall ingrowths in the cells laoidg phloem and xylem cells. The cell wall
ingrowths greatly enlarge the surface area of #le rmembrane, and thereby enhance the
possible transport of solutes from the vasculaugsof the plant into the syncytium. In fact,
these nematode-induced changes elevate the stafia¢ ©f the feeding sites in the plant’s
household to that of a nutrient sink. Cyst nematodes completely depending on the
syncytium for their development and reproducticegduse once the syncytium formation sets
off the parasitic second stage juveniles becomeahil® In the course of several weeks they
molt further into third and fourth juvenile stagesd finally the adult stage. Adult males
regain their mobility and leave the root to matéhviemales.

Cyst nematode secretions

In nematodes, the adaptation into a parasitictlifeson plants is always associated with the
presence of an oral stylet, which is formed astawlar structure in the oral cavity and the
esophagus. Plant-parasites use their stylet totpuanthe rigid plant cell wall of host cells
during host invasion and during the ingestion dfrieats from the cytoplasmic contents of
host cells. The stylet is also used as an injectieedle to release esophageal glands
secretions into the host and those are believée tiomportant for host invasion, feeding, and
modulation of host innate immunity.
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Stylet secretions are produced in one dorsal wedsubvental esophageal glands of
the nematode. The activity of the subventral esgpalglands predominates in the early
stages of parasitism during host invasion and fegsdite initiation, whereas the dorsal gland
cell is most active in the subsequent sedentaryestaluring feeding (Hussey 1989). The
primary function of the glandular secretions iheitdirect or indirect modification of host
gene expression (Davis et al., 2009), which ultelyakeads to morphological, physiological,
and molecular changes associated with feeding @aesnore details see review by Davis et
al., 2008). When the nematodes are removed at aimy guring parasitism the feeding site
will degenerate, demonstrating that there is aioootus stimulation from the nematode
needed to maintain a functional syncytium (Huss@89).

Recent progress in molecular biology and functiogahomics has allowed the
discoveries of hundreds of secreted proteins frath Iplant- and human/animal-parasitic
nematodes (Curtis 2007; Davis et al., 2009; Bird @pperman, 2009). The majority of these
so-called secretome members have no similarity Witbwn proteins in the databases.
However, those that do have a match with functignahnotated proteins from other
organisms fall into a various functional classes. €&ample, a suite of cell wall modifying
enzymes, such as endoglucanases and expansinsedrasdentified in the subventral gland
secretions of cyst nematodes (Qin et al., 2004¢sé&lcell wall modifying proteins facilitate
the enzymatic degradation of the plant cell waliny host invasion.

Other secreted nematode proteins seem to be irdvavthe modulation of a diverse
range of cellular processes in the host, includegding cell formation, altered cellular
metabolism, cell-cycle regulation, and protein aelgtion (Davis et al., 2004). A remarkable
category is formed by the small nematode-secratet@ips, interfering with peptide signaling
in host cells. Ten years ago, secretions colleti@ah hatched juveniles of the potato cyst
nematodeG. rostochiensisvere found to contain small peptides (3 kDa) tbat induce
mitogenic activity in tobacco protoplasts (Goveeteal., 1999). More recently, it has been
demonstrated that this nematode species deploysotevgeries of genes coding for small
hypervariable peptides, which are able to interfieng@lant developmental processes (van Bers
2008). Other exciting studies suggest that cystatedes use ligand mimicry to redirect
developmental processes in host cells, becausetogensecreted peptides with similarity to
CLAVATA/ESR-like peptides from plants are able tescue CLAVATA3 mutants in
Arabidopsis (Wang et al., 2005).

Until now most of the genes potentially involved mematodes parasitism were
identified in whole nematode ESTs libraries, liwarfrom aspirated esophageal glands, and
various applications of differential display teaiunes (discussed in Davis et al., 2009). The
recent completion of the genome sequences of tvad-kmmot nematodesMeloidogyne
incognitaandM. haplg and the nearly completed genome sequence ofytenematodés.
pallida will open up new avenues towards understandingwhele repertoire of genes
involved in nematode parasitism (Abad et al., 20089perman et al., 2009; Trust Sanger
Institute; http://www.sanger.ac.uk/sequencing/Ghidra/pallida). A major bottleneck though,
which has also troubled the functional analysisnematode genes in this thesis, is the
persistent lack of methods to transform plant-pacasematodes and to use these methods in
a workable reverse genetics approach.
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Potato cyst nematodes

Potato cyst nematodes (PCN) originate from the Anm@gion in South America and were
introduced into Europe in the %entury. They subsequently spread throughout Europ
together withSolanum tuberosun(potato) seed materialhere are 13 knowiGlobodera
species that are primarily important parasites efniners of theSolanaceadamily, such as
potato, tomato, eggplant, and tobacco. Two diffespecies of European PCN have been
identified, the yellowGlobodera rostochiensiand the whité&slobodera pallida In EuropeG.
rostochiensisis further classified into five pathotypes (Rol-5Rowhile within the white
species three pathotypes (Pal—-Pa3) have beenlsesvioxnes and Hausken, 2007).

The damage that PCN causes in Europe became nidety wecognized during the
first half of the 28 century. For example. pallidais one the most important pathogens in
the United Kingdom and forms an increasing problem potato growers. It has been
estimated that in the United Kingdom PCN along eaueld losses of 9% of the annual
potato production. Within the European Union thltononetary losses caused by PCN are
estimated to be 300 million euro (Moxnes and HanskR@07). The United States have tried
to contain PCN in small area on the east coastriny quarantine measurements. However, in
2006 G. pallidaalso appeared in a few potato-growing locationthenstate of Idaho (Idaho
State Department 2006, http://www.idahoag.us).

Infection with cyst nematodes causes severe cisgetobecause of the damage caused
by intracellular migration of J2s and their feedibghavior. Plants infected with PCN
generally have reduced concentrations of nitrogésphorus and potassium in the foliage.
Infected plants are also more susceptible to giheasites and show wilting symptoms. Yield
loss following nematode infection is associatedhwiéduced light interception due to a
reduced leaf area. It has been suggested that ato@endisturbed hormone balance in the
plant causes this reduction, but nutrient deficyethge to nematode feeding likely also affects
the photosynthetic rate (DeRuijter and Haverkd®99).

Because potato constitutes one of the major feodscin the world there is a strong
need for developing sustainable methods to copuotato cyst nematodes. The availability of
chemical control is limited and not widely acceptkek to the environmental concerhMany
of the most effective nematicides (methyl bromideldicarb) have already been withdrawn
from the market. Likely, this trend will continue the future especially with new European
Union legislation that will prohibit most of the &wn active compounds used for controlling
nematodes (Rosso et al., 2009). Next to chemibadépgical control and crop rotation are
used in agricultural practice. However, the sourcksatural enemies for nematodes are
limited and crop rotation leads to yield reductioecause of suboptimal use of farmland.
Therefore, many research programs all over thedMoalve focused on the exploitation of
natural resistance to PCN.

Resistance against potato cyst nematodes
Several major resistance gends genes) and quantitative trait loci (QTLS) againgstc
nematodes have been identified in wild germplasntsvaere subsequently introduced into
cultivars through conventional breeding (Dale et 4P98; reviewed by Bakker 2002;
Tomczak et al., 2009). Breeding for cyst nematagi@stance with majoR genes is more
durable than it is for fungi and bacteria, as thaye often only one generation per year and
migration is limited to small distances in the sesulting in slowly expanding infection foci
in the field. For example, a single dominant getiewas introduced into potato cultivars in
the 1950s and it is still functional in restricti@g rostochiensigDale and Phillips, 1984).
Resistance to potato cyst nematodes can be aakssif two types of responses
(reviewed by Bakker et al., 2006). The first typeharacterized by a classical hypersensitive
response in the cell layers surrounding the youegdihg cell, which results in the

12
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encapsulation of the developing syncytium by a fglead cells as described for tH&
gene (Rice et al., 1985). Consequently, the cororeetith the vascular tissue is disrupted
resulting in limited food uptake by the feeding raade. For cyst nematodes, sex is
determined epigenetically depending on the amotifibad available in early stages of the
infection (Trudgill 1967). Therefore, a shift towlarmale development is observed for this
type of resistance, as they require less food fleamales. The second type of response,
however, is characterized by an arrest in femaleldpment due to a late resistance response
as observed for thepa2gene (van der Vossen et al., 2000), which resultse degradation

of the syncytium after sex is determined for theafmcyst nematode.

To date, thirteen QTLs conferring resistance ttafmo cyst nematodes have been
mapped on different chromosomes in potato. Theyfetorither resistance to different
population ofG. pallida (Gpa, Gpa4, Gpab5, Gpa6, GpaVSspl, GpaXISspl, GpaAzl, M3
or G. rostochiensis(Grol.2; Grol.3 and Grol.49 or both species as shown f@rpl
(reviewed by Tomczak et al., 2009). In potato, fsiagle dominantR genes are known
against botlG. pallida(Gpa2, Gpa andG. rostochiensigGrol, H1, GroV), of which two
genes have been cloned. These include the gépag (Van der Vossen et al2000) and
Grol (Paal et al.2004), and the cloning of thel gene is in progress (Anna Tomczak pers.
comm.). In tomato, a close relative of potato, Hero gene was isolated, which confers
broad-spectrum resistance agai@strostochiensigErnst et al., 2002). Details of the structure
and the function of the genes are described in h&p(this thesis).

The Gpa2 gene, introgressed frof. tuberosunssp andigenainto cultivated potato,
is a typical single-dominarR gene that encodes for a protein with a coiled;cuikleotide
binding and leucine-rich repeat dom&C-NB-LRR) (Van der Vossen et al. 200@pa2is
highly homologous (88% identity at the amino-acieqeence) toRx1 which confers
resistance to potato virus X (PVX). Both genes tagbtly linked on chromosome Xll of
potato (Bendahmane et al., 1999) in a siRajene cluster. Interestinglégpa2confers a mild
nematode resistance response in the roots of potdtereasRx1 confers an extreme
resistance response to PVX in the areal partsefptant. Having two highly similar genes
with different pathogen specificity is a valuabt®ltto unravel the role of protein domains
and single residues in nematode recognition anddheation of a disease resistance response
as described in this thesis.

Thesis outline

This thesis describes different aspects of the cotde mechanisms underlying resistance to
the potato cyst nematod&lobodera pallidamediated by th&paZ2 gene in potatoSolanum
tuberosunssp.andigena.

Chapter two presents an overview on how a resistant plantorespto an infection
by endoparasitic nematodes. A compendium of kno@matode resistance genes is described
in the chapter. We have also discussed the consegsieof defense responses and their
underlying mechanisms that are triggered upon neshestrecognition, which often leads to
feeding site degradation and therefore nematodeasian.

In chapter three the activity and recognition specificity of tH@pa2 gene was
analysed in more detail using chimeras betw&pa2 and the homologous resistance gene
Rx1 Structure-function analyses demonstrated that. R domain is the main specificity
determinant ofGpa2 involved in recognition ofs. pallida. Furthermore, we found that the
CC-NB domains of Gpa2 are able to confer extrerasstance to the potato virus X in potato
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when fused to the LRR domain &x1 This finding implicates that disease resistance
signaling likely follows the same pathways f@pa2 and Rx1, even though the signaling
generates an entirely different outcome — the sigpersensitive response induced®Gya2
versus the ultra-fast extreme resistanceRlag. Furthermore, we gained new insights in the
activation threshold oGpa2 and Rx1 by modulating the expression levels of the wilgety
and mutant genes.

Chapter four starts with a detailed description of B@a2 resistance response. In a
histological study we showed that the nematodeirgecell becomes disconnected from the
conductive tissue by a layer of necrotic cellSGpa2 resistant potato roots challenged with
the avirulentG. pallidapopulation D383. This finding suggests that resisé conditioned by
Gpa2 is the result of inadequate flow of plant nutrgefitom the vascular tissues to the
feeding nematode. To further investigate the spatid temporal regulation of tl@pa2gene
in potato, a histological GUS assay was performedveall. It was observed that ti&pa2
promoter activity is specifically down-regulated ke virulent nematode population
Rookmaker inside the feeding structure and in ¢eltdose proximity to syncytium.

In chapter five, we addressed the question which effector prdteim G. pallidais
recognized byGpa2 Recently, it was shown that Gpa2 interacts witm®@AP from potato
(Sacco et al., 2007; Tameling et al., 2007) anah@&iard et al., (2005) showed juvenilesof
pallida express a RanBPM like protein (RBP-1). Because RathGAP and the RanBPM are
associated with the Ran cycle in eukaryotic celid #anGAP is required for resistance
conditioned by Rx1 and possibly Gpa2, RBP-1 wakedyl candidate for being the nematode
effector recognised by the Gpa2 resistance geneadditional homologous of RBP-1 were
identified from cDNA of virulent and avirulent junges of G. pallida RBP-1 variants from
both the avirulent population D383 and 8 out 1(hfrairulent population Rookmaker were
able to trigger a specifiGpa2 mediated HR in an agroinfiltration assay Mnbenthamiana
leaves. Loss of5paZ2 activation observed only for two RBP-1 variantenir the virulent
nematode population was correlated with a singlmaracid substitution (S166P).

In chapter six, a structure-function analysis of RBP-1 recognitiby Gpa2 is
presented showing that RBP-1 is recognized by tbst IG-terminal part of the LRR domain
of Gpa2. Furthermore, we could show that RBP-1 geitmn in an agroinfiltration assay
correlates withGpa2 mediated nematode resistance in potato. Structacaleling of the
S166P mutation in RBP-1 predicts a significant g¢eann the likely protein-protein
interaction surface of the RBP-1 protein. In addifiwe were able to demonstrate that two
non-eliciting RBP-1 variants from the virulent Roolker population suppress the HR
induction by Gpaz2 activating forms of RBP-1.

In chapter seven we give an outlook on the potential role of eféeqroteins in plant
resistance to cyst and root-knot nematodes, inotudhe activation and suppression of
effector-triggered immunity by RBP in potato plahtgboring th&spa2gene.
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Chapter 2

Plants are constantly under attack from a wide eaofy pathogens and pests including
bacteria, viruses, fungi, oomycetes, insects amdatedes. Fortunately, the majority of plant-
pathogen interactions are incompatible. Co-evotubetween plants and pathogens resulted
in the development of an immune system which, intrest to animals that have both an
adaptive and an innate immune system, is complateigte (Zipfel and Felix, 2005). This
defense system is composed of overlapping layetsdimg non-host immunitye(g. specific
recognition of non-specific pathogen-derived congris), host resistance, which is only
effective against a specific pathogen race or mmr, and induced systemic resistance
(ISR).

The development of molecular techniques has magesisible to gradually uncover
the mechanisms underlying the different layers iskase resistance in plants. In the last
decade an increasing number of defense-relatedsgemwelved in resistance to various
pathogens have been isolated from different plaeties, and several elicitors of defense
responses were identified from a wide range of ggghs (reviewed by Bonas and Lahaye,
2002). However, the molecular mechanisms underlygsistant plant responses to parasitic
nematodes are still largely unknown.

Cyst and root-knot nematodes are major pathogers wiimber of agronomically
important crops such as cereals, soybean, potat@td and sugar beet. The lack of natural
enemies and the shortage of adequate resistanes georop plants are factors that underlie
the very substantial damage caused by these onganifhe estimated worldwide losses
caused by plant-parasitic nematodes are about 2S Billion annually (Chitwood 2003).
One way to control them is the use of nematodestaadi cultivars. To that end a broad range
of resistances to either cyst or root knot nemagmeies has been identified over the years in
several crop species in order to develop duraldp protection strategies Williamson 1998;
Jung and Wyss, 1999; Williamson 1999; Bakker 2003).

To date, six genes conferring resistance to cydtrant-knot nematodes have been
isolated from beet (Cai et al., 1997), potato (\da&n Vossen et al2000; Paal et gl2004),
tomato (Milliganet al., 1998; Vos 1998; Ernst al., 2002), and pepper (Chen et al., 2006),
which allow structural and functional analyses twavel their role in nematode recognition
and the activation of a disease resistance respdviaay aspects of disease resistance
signaling in response to plant-parasitic nematatesthought to resemble the mechanisms
underlying the defense responses to other planhogahs, which are often better
characterized.

Pre-Infectional Resistance

Before a pre-parasitic juvenile from cyst and rkobdt nematodes is able to parasitize
a plant species, it has to hatch from the egg, thecattracted to the plant roots and penetrate
the plant tissue. If the infective juvenile is bted at any of these stages, the plant apparently
is not a suitable host for this particular nematade therefore de facto resistant. Because this
resistance occurs before the pre-parasitic nemdiadehad a chance to enter the plant, we
will refer to this type of resistance as pre-iniecél resistance.

Resistant Plant Responses
Eggs of sedentary endoparasitic nematodes hatcler utie influence of plant

components released by the plant into the soil983, Jones and Winslow noticed that pre-
parasitic juveniles from beet, potato, and carsat mematodes hatch when soaked in root
diffusates of their respective hosts but not wheaked in root diffusates of nonhosts.
However, sometimes infective juveniles do hatckhm presence of certain plant species that
cannot be successfully parasitized by the nematddparently, nematode infection is then
blocked at a later stage of the infection procBssh phenomena can be of great agronomical
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value because these plants can be used as so4taflertops to reduce the number of cysts in
the soil. For instance, the density of cysts frdme soybean cyst nematodhieterodera
glycineswas reduced between 70 and 90% after cultivatidheononhost speciésrotalaria
junceaandC. spectabiliswhen compared to fallow (Kushida et al., 2003jedestingly, it
was also noticed that the number of juveniles emetheC. junceaandC. spectabilisroots

did not differ significantly from those enteringetisusceptible soybean roots. Plant cells are
protected by the presence of a rigid cell wall &ravoff foreign invaders. However, based on
several studies regarding nematode infection otaas# and susceptible cultivars as well as
host and nonhost plants (reviewed by Kaplan andnK&880) it can be concluded that
nematodes freely penetrate roots of host and nomitike and that these mechanical barriers
rarely appear to be effective against plant-pacasiematodes. The presence of a typical
robust hollow spear (stylet) located in the heaylom of the nematode enables the nematode
to overcome this major barrier. The action of styteusting combined with the release of
cell-wall degrading enzymes via this stylet faeilt the penetration of the root and
subsequent migration of endoparasitic nematodeset@ppropriate feeding site (for details
see the review by Dauvis et al., 2004).

Quantitative and qualitative disease resistance

In contrast to non-host immunity, host resistarcenly effective against particular
subpopulations of the pathogen, usually within ecggs. Host-specific resistance is called
gene-for-gene resistance if it requires the presaicboth a race-specific avirulengavr)
gene in the pathogen and a corresponding cultpeciBc single dominant resistan¢B)
gene in the host plant (Flor 1946). The biochemicérpretation of this concept is a
receptor-ligand model in which plants activate fedse mechanism upon R protein-mediated
recognition of a pathogen-derivédr product (Van Der Biezen and Jones, 1998). Although
several pairs of cognate and Avr genes are identified, direct interaction couldyohé
proven in four cases (Jia 2000; Deslandes 2003;dBed al., 2006; Uedat al., 2006).
Alternatively, other plant components were shownirteract with avirulence proteins
(reviewed in Bogdanove 2002) supporting the scedadjuard model (Dangl and Jones, 2001)
in which Avr protein-induced modifications of host products r@@ognized by R proteins that
‘guard’ these host products.

R gene-mediated resistance has several attracterés for disease control. In many
cases, a singl® gene can provide complete resistance to a patiq@dpulation, strain or
certain species of pathogen when present in anrnaige susceptible plant. Monogenic
resistances are desirable for breeding purposesubecof their simplicity in being
introgressed. The plant response is also usually fest and local, which restricts the
collateral damages in the plant caused by a pathdection. Unfortunately, in many plant-
pathogen interactions, this type of resistance loanbroken down relatively fast due to
alterations in the coevolving pathogen.

Plant breeders have used disease resistance geoestrtol plant disease long before
they were identified and analyzed. Over the yeaasious nematode resistances have been
mapped and some of the underlyiRggenes have now been cloned. This work has been
extensively reviewed (Williamson 1999; Bakker 20@d|liamson and Kumar, 2006).

Identification and characterization of nematodeR genes

R genes encode proteins with a modular structure thegt can be classified in
different groups based on the specific combinatbfunctional domains of which they are
composed. The majority & genes belong to the super family of nucleotidedinig (NB) —
leucine-rich repeat (LRR) genes (Ellis and Jon@981 Meyerset al., 1999). This class of
genes is very abundantly present in plant specidseacodes large proteins ranging from 860
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to about 1900 amino-acids. Arabidopsis it is estimated that at least 200 different NBR.R

genes exist compromising up to 1% of the genomey@et al., 1999). Based on the N-
terminal part, the NB-LRR proteins can be furthebdivided into two classes containing
either a coiled-coil (CC) domain or a Toll-Interdéu receptor (TIR) homology domain. The
CC-NB-LRR proteins are present in both monocotsdiodts, whereas monocots are lacking
the TIR-NB-LRR proteins. A current overview of ptaR protein structure and function can
be found in the review written by Van Ooijen et 2007 and by Takken and Tameling, 2009.

In 1997, the first nematode resistance gene wasedldrom sugar beet by Cei al.
The geneHsT™? confers resistance to the beet cyst nematdeéerodera schachtii
Sequence comparison revealed that it encodes aotBirp which shows no homology with
any knownR gene although it contains an atypical LRR domdiandy 146 amino acids and
a putative transmembrane domain. Investigationeofegexpression patterns under biotic and
abiotic stresses by means of a promoter: repoeee dusion showed th&is1’* is up-
regulated only during the incompatible plant- nesdatinteraction and its promoter activates
a feeding site-specific gene expression patterar@iet al., 2003).

The identification and characterization of fouretimematode resistance genigls-{,
Gpaz2, Hero, Gro}from potato and tomato showed that they do betortge super family of
NB-ARC-LRR resistance gene&rol distinguishes itself from the other three by havang
TIR domain, whereas the others have a CC domaispiethe structural similarities, some
differences in function do occur. The two genesiified in potatoGpa2(Van der Vosseet
al., 2000) andsrol (Paalet al., 2004), confer resistance against specdjpufations of the
potato cyst nematodés. pallidaandG. rostochiensisrespectively: whereas the tomato gene
Hero (Ernstet al., 2002) recognizes a broad spectrum of patgsd nematode species and
populations. It confers resistance to all econoltyiceamportant pathotypes of botiG.
rostochiensisand G. pallida (Sobczak et al., 2005). A similar broad spectrusistance is
mediated by the tomato gemdi-1 (Milligan et al., 1998; Vos 1998), which is effective
against the three major root-knot nematode spediesincognita, M. javanicaand M.
arenaria Additionally, theMi-1 gene confers resistance to piercing/sucking isseet the
potato aphid Macrosiphum euphorbiagVos 1998) and the whiteflyBemisia tabaci
(Nombelaet al., 2003), which suggests multiple recognispacificities.

Interestingly, both the Mi-Jprotein and the HER@rotein harbor an unusual N-
terminal domain. Although in both proteins two G&gjions are predicted (Williamsat al.,
2000), the two domains do not show any signifieaguence or structural similarity (Ermest
al., 2002). The N-terminal domain of Mirgésembles that of the late blight resistance protei
Rpi-blb2 (Van der Vossemt al., 2005)which is positioned in a homologues region in potat
and has an overall amino acid identity of 82%. Ajfram that, like the N-terminal domain of
HERQ, it has no significant similarity to other sequendaterestingly, preliminary data from
sequence analysis of thH locus in potatogonferring resistance to the potato cyst nematode
G. rostochiensisyevealedthe presence of resistance gene candidates witimiéars N-
terminal domain (amino acid homology with bolfi-1 and Rpi-blb2 is around 50%)
(Tomczak et al., unpublished data).

Recently, arR gene candidate gene was identified in soybeameaihyyl locus, which
is involved in resistance against the soybean ngshatodeHeterodera glycinegRuben
2006). Sequence comparison revealed that thisipeitedgsistance gene belongs to a distinct
class ofR genes consisting of three functional domains uiclg an LRR domain composed
of 12 extracellular repeats, a trans-membrane doraad a kinase domain. The encoding
protein shows high homology to the bacterial rasise genexXa2l from rice and an
Arabidopsisreceptor-like kinase gene family.
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Activation of R gene-mediated nematode resistance

Mapping and cloning oR genes conferring resistance to endoparasitic regfeatis a
major contribution to the elucidation of the geaatnd molecular mechanisms underlying
nematode resistance. Resistance to cyst and raebdtAlematodes is characterized by an arrest
in feeding cell induction and development oftenths result of a local hypersensitive
response (HR) at the infection site. The HR isranfof programmed cell death (Greenberg
1997; Morel and Dangl, 1997; Pontegral., 1998), and shares several features witptaps
in mammalian cells (Lamb and Dixon, 1997; Mittletr al., 1997). A number of nematode
resistance phenotypes have been described fordysthand root-knot nematodes (Bakker
2006). Responses range from the complete abolishaierematode development when the
establishment of the feeding site is arrested irearty stage of infection, to a significant
reduction of the number of fully developed adulfdes and cysts when feeding cell
development is blocked in a later stage.

The modular structure of the encoding R proteitewa the study of their separate
roles in nematode recognition and the inductioa diefense response that leads to nematode
resistance. Unfortunately, these structure-funcstudies are seriously hampered by the fact
that the corresponding elicitors from the nemataatesstill unknown. However, an elicitor-
independent hypersensitive response for Nl gene was obtained in an agroinfiltration
assay irNicotiana benthamianbeaves upon expression of a chimeric constructabasisted
of the N- terminal domain frorivli-1.1, a nonfunctional homologue that is 91% identical t
Mi-1.2, the functionalMi-1 gene For the same chimeriR gene, no transgenic tomato plants
could be recovered (Hwargg al., 2000), suggesting that an HR reaction takase in cells
that express this gene. In this paper, it was shibana six-amino acid region in the LRR in
Mi-1 is required but not sufficient for resistance. folow-up study, the amino acids that are
essential for nematode resistance were determipedttoducing each of the 40 amino acid
differences between the LRR bfi-1.2 andMi-1.1 into Mi-1.2. They found 24 amino acids
that appeared to be required for signaling andetlm@nsecutive amino acids that may be
involved in nematode recognition. Apparently, thaéekminal part 1 (NT-1), which consists
of the first 161 amino acids, was able to représsttansmission of a signal by the LRR
domain that leads to an HR and a model was proposetiich this negative regulation was
compromised in the presence of a root-knot nemata#or (Hwang and Williamson,
2003).

Similar results were obtained in a structure-fumttstudy of the potato resistance
geneRx1, which is a close relative (93% nucleotide idegftdf the nematode resistance gene
Gpa2 Physical interactions were observed between tteridinal CC domain and the NB-
LRR domains or between the CC-NBS domains and &R domain in the absence of the
elicitor, the coat protein from the potato virus Yowever, those interactions were disrupted
in the presence of the avirulent coat protein, sstigg the activation of Rx-mediated
signaling by relieving the negative intramoleculegulation of the NBS domain (Moffedt
al., 2002). This domain, also called the NB-ARCdeotide binding adaptor shared by NOD-
LRR proteins, APAF1, R proteins and CED4) domairckMle et al., 2006), seems to be
involved in specific binding and hydrolysis of AT& was shown for the two tomato
resistance genddi-1 andI2 (Tamelinget al., 2002). ATP hydrolysis is thought to resalt
conformational changes that regulate downstreamnmabigy. High sequence homology
between the closely-related viral resistance dexitand the nematode resistance gépa2
suggests that a similar model might be applicaireife activation of a resistance response to
the potato cyst nematode.
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R gene-mediated defense responses to nematodes

Plant responses to pathogens are associated wasiveachanges in gene expression.
For example, inArabidopsis thalianaa change in the gene expression levels of mome tha
2000 genes has been observed within nine hours inpoalation with the bacterial pathogen
Pseudomonas syringg@&aoet al., 2003). It is thought that early activatmingenes involved
in phytohormone biosynthesis modifies the hormdraddnce of the host plant, leading to the
appropriate transcriptome changes. Gene expressiodies of several plant-nematode
interactions showed that different defense-relajedes are upregulated upon infection of
both susceptible and resistant plants, includingiegeencoding peroxidase, chitinase,
lipoxygenase, extensin and proteinase inhibitasi¢wed in Williamson and Hussey, 1996;
Gheysen and Fenoll, 2002). Furthermore, genes erg@hzymes involved in biosynthetic
pathways are induced early during infection. Faregle, glyceollin in soybean appears to be
involved in phytoalexin biosynthesis aftst. incognitainfection (Kaplanet al., 1980) and
chalcone synthase is produced in white clover upfaction withM. javanica(Hutanguraet
al., 1999).

Expression of defense-related genes in both thepatible and the incompatible
interaction suggests their role in basal resistaHosvever, it is hypothesized that the defense
response is only strong and quick enough to presaotessful nematode infection in the
presence of a functional R protein that can recgtie appropriate AVR protein from the
nematode. The induction of toxins, pathogenesetadl (PR) genes and the hairpin-induced
hinl-like gene during the compatible interaction betweeot-knot nematodes and tomato
suggests that the nematodes are identified as getedBar-Oet al., 2005). However, in the
absence of components necessary for a host-speefense reaction (like a functiongl
gene), no HR is elicited and the defense respansetifully effective.

There is now a significant amount of evidence pomtto specific MAPKs as
fundamental components of defense pathways thgtalale in both basal defense and in
more specific interactions involving gene-mediated resistance (Pedley and Martin, 2005)
They are involved in the generation of reactive gety species (ROS) (Kovtwat al., 2000;
Renet al., 2002), the induction of PR proteins angene transcription (Ahlforst al., 2004;
Kim and Zhang, 2004; Leet al., 2004). Although there is no direct evidegetfor the role
of MAPKSs in nematode resistance, it was recentbmshthatMi-1-mediated aphid resistance
was abolished in tomato whéeMKK2, LeMPK2 , LeMPK1 or LeMPK3 were silenced (Li
et al., 2006). It will be interesting to see whethAPKSs play a similar role iti-1-mediated
nematode resistance.

An oxidative burst, C4 uptake, and phosphorylation changes are amongatiest
responses associated with a host-specific resstasponse. Rapid production of ROS, some
of which may be generated by a multi-subunit NADB¥dase complex in the plasma
membrane (Xinget al., 1997), is often associated with cell de&lecent research has
implicated nitric oxide (NO), together with ROS, the induction of a HR during plant-
pathogen interactions (Shapiro 2005). Generatiorlefated levels of NO was shown in
tomato plants in response to avirulent root knohak@des (Melillo 2006Db).

Two key components iR gene-mediated resistance signaling are SGT1 ard1RA
(Austinet al., 2002; Azevedet al., 2002; Liwet al., 2002; Peasdt al., 2002). In yeast, SGT1
is a component of the SCF (SKP cullin F-box) compighich is an integral part of protein
ubiquitination (Kitagawaet al., 1999). This suggests that protein degradas implicated in
resistance signaling, which is supported by theenlation that theArabidopsisthaliana R
protein RPM1 is degraded when the elicitor (AvrRporlAvrB) is present (Boyest al.,
1998). Another important protein involved R gene-mediated signaling is HSP90 (heat
shock protein 90) (Liet al., 2004) which directly interacts with SGTIdRAR1 (Holtet al.,
2003; Shirasu and Schulze-Lefert, 2003). RAR1, S@id HSP90 are suggested to form a
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chaperone complex mediating the folding of R prateind their incorporation into functional
complexes (Shirasu and Schulze-Lefert, 2003). Mbf-mediated resistance to aphids and
nematodes, it appears that HSP90 is required WRAR-1 is not for either resistance
(Kaloshian unpublished results). It was reportedt tifferent R proteins varied in their
requirement for SGT1 and RAR1 to function. Whet8&T-1 is involved inMi-1 mediated
resistance remains to be seen.

Another gene specifically required fodi-1-mediated resistance Rme-1 which is
unlinked toMi-1 and not required for the functioning of other sesmnce genes liketo. Rme-

1 acts early in thé/i-1 pathway, either at the same step asMird product or upstream of
Mi-1 (De llarduyaet al., 2004). Interestingly, thene-1 mutant also compromised tiéi-1
mediated aphid resistance (De llardeyal., 2001). The structure and functiorRohe-1has
to be investigated, including the possibility tHme-1 is a potential virulence target for
nematodes and aphids, guarded by the Mi-1 protein.

Considering the practical applications for isolatedistance genes, it is important to
know if they can be transferred to a range of eowooally important crops where similar
resistance is not available. So far, there has begted success in transferring functional R
genes to other species (Williamson and Kumar, 2086) example, thdli-1 gene confers
effective resistance against root-knot nematodesth@ potato aphid when transferred into
susceptible tomato. When introduced into tobaccArabidopsis however, it does not confer
any of these resistance specificities (Williamsorale unpublished). On the other hand, a
heterologous expression of thdi-1 gene in eggplant caused resistance to root-knot
nematodes but no resistance anymore to the popdiid &§5ogginet al., 2006). The tomato
geneHero, which confers resistance to potato cyst nematodes (P®ah, not effective in
potato according to another report (Sobcziadl., 2005).

Thus, the influence of the plant’s genetic backgobiean be proposed as a factor
determining the heterologous gene functionalitpbably through the presence of other gene
components necessary for the resistance respongkaif§on and Kumar, 2006). It was
shown that even within cultivated tomato; genotggéerences were influencing the efficacy
of Mi-1 resistance (Jacquet al., 2005). Understanding this phenomenon velblchallenge
but it seems to be necessary for a successfulféranisnematode resistance to a new species.
It might also provide insight into host factors tthmediate specificity of recognition and
signaling (Williamson and Kumar, 2006).

Genomic organization and molecular evolution of nertode R gene clusters

Genome-wide sequence analysis and genetic mappirig gene candidates have
shown that disease resistangenes are often located in clusters of homologeugenes
spread throughout the plant genome (reviewed byh&elb and Valkonen, 2001R gene
clusters from different genotypes and even relapgecies are often located in the same
chromosomal region. These regions are therefordedcathot-spots of resistance”.
Remarkably, in potato, QTL conferring resistancettlie potato cyst nematode often co-
localize with hot-spots of single dominant resistangenes, suggesting that they may
contribute to partial resistance to nematodes. Warotoption suggests that quantitative
resistance is mediated by &gene but that the potato cyst nematode populatises to
screen for resistance consist of a mixture of gmulnd avirulent genotypes. Most of the cyst
nematodes reproduce by obligate outcrossing, ame tis generally great variation in host
range and response to specific resistance genesdretand within field populations (Bakker
et al., 1993).

The multigenic nature of most resistance loci magilitate meiotic instability in a
heterozygous state. Unequal crossing-over and gmeersion have been suggested to play a
role in the generation of neR gene specificities (Hammond-Kosack and Jones, 1997;
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Hulbert 1997; Parnisket al., 1997). However, since these processesttehdmogenize the
paralogs, divergent evolution must be strong enotgltounteract the homogenization
process.

With the exception of the beet cyst nematode msist geneHs1°™?! (Cai et al.,
1997), all nematode resistance genes cloned to imide in complex loci harboring
tandemly-repeate® gene homologues. The root-knot nematode déng (Milligan et al.,
1998; Vos 1998) is located in a cluster of sevemdiogousR genes on chromosome VI of
tomato, whereas the potato cyst nematode resisggreHero (Ernstet al., 2002) is located
in a genomic region containing at least 14 homalisggenes on chromosome IV of tomato.
The geneGrol (Paalet al., 2004) is also member of a large clustertainimg 13R gene
homologues located on chromosome VIl of potato, redi® the potato ger@pa2 (Van der
Vossenet al., 2000) is present in a relatively small tduof four highly homologous genes
on chromosome XII.

The specificities of the other members of theseatedeR gene clusters are unknown
except for theGpa2locus in potato. For bacterial and fungal resistaloci, members of aR
gene cluster often confer resistance to differsntates or strains from the same pathogen
species. Interestingly, th@pa2 cluster also harbors the resistance gerg&(Bendahmanet
al., 1999), which confers extreme disease resistdaaca completely unrelated pathogen,
namely the potato virus X. The fact that these kugihly homologous resistance genes (88%
amino acid identity) reside in the same cluster amthe same haplotype of the diploid potato
clone SH83-92-488 (Van Der Voaeet al., 1997) strongly suggest that unequal crgssirer
and gene conversion play a role in the evolutionthef two specificities. The other two
members of this cluster are a pseudogene and #iveutasistance gene of the unknown
specificity.

In contrast to th&pa2/RxIcluster, sequence analysis of el locus in tomato did
not point at a role for unequal crossing-over aedegconversion (Seat al., 2004). Thli-

1 gene is introgressed from the wild relative andpssedly ancestral progenitor
Lycopersicon peruvianunhlthough evidence has been found for an inversibthis locus
between the two species, the copy numbers of th@logues in each of the two clusters is
conserved.

References

Ahlfors R., Macioszek V., Rudd J., Brosche M., &idfting R., Scheel D., Kangasjarvi J (2004) “Stress
hormone-independent activation and nuclear traasilme of mitogen-activated protein kinases in
Arabidopsis thalianaluring ozone exposure”. Plant Journal 40(4): 522-5

Austin M., Muskett P., Kahn K., Feys B., JongsParker J (2002) “Regulatory role of SGT1 in g&lgene-
mediated plant defenses”. Science 295(5562): 2077.

Azevedo C., Sadanandom A., Kitagawa K., Freidldeen A., Shirasu K., Schulze-Lefert P (2002) éTh
RAR1 interactor SGT1, an essential component of eRegriggered disease resistance”. Science
295(5562): 2073.

Bakker E (2003) “Molecular and genetic analysespofato cyst nematode resistance loci”. Laboratdry o
Nematology, Department of Plant Sciences Wagenihgaversity.

Bakker E., Dees R., Bakker J., Goverse A (2006)chmisms Involved in Plant Resistance to Nematodes”
Multigenic and Induced Systemic Resistance in Bla®adik Tuzum and Elizabeth Bent eds, Springer
314-334.

Bakker J., Folkertsma R., Rouppe van der Voortdd.Boer J., Gommers F (1993) “Changing concepts an
molecular approaches in the management of virulgaoes in potato cyst nematodes”. Annual Review
of Phytopathology 31: 169-190.

Bar-Or C., Kapulnik Y., Koltai H (2005) “A broad ahacterization of the transcriptional profile ofeth
compatible tomato response to the plant parasitit knot nematod®leloidogyne javanica” European
Journal of Plant Pathology 111(2): 181-192.

24



Plant defense induced by parasitic nematodes

Bendahmane A., Kanyuka K., Baulcombe D (1999) “FeGene from Potato Controls Separate Virus
Resistance and Cell Death Responses”. Plant Cg):1281-792.

Bogdanove A (2002) “Protein-protein interactiongpathogen recognition by plants”. Plant-MoleculaoiBgy
50(6): 981-989.

Bonas U., Lahaye T (2002) “Plant disease resisténggered by pathogen-derived molecules: Refinediets
of specific recognition”. Current Opinion in Micrimbogy 5(1): 44.

Boyes D., Nam J., Dangl J (1998) “Theabidopsis thalianaRPM1 disease resistance gene product is a
peripheral plasma membrane protein that is degradétcident with the hypersensitive response”.
Proceedings of the National Academy of SciencabefJnited States of America 95(26): 15849.

Cai D., Kleine M., Kifle S., Harloff H., Sandal NMarcker K., Klein-Lankhorst R., Salentijn E., LangV.,
Stiekema W., Wyss U., Grundler F., Jung C (1997)sitonal cloning of a gene for nematode
resistance in sugar beet”. Science 275(5301): &3R-8

Chen P., Roberts P (2003) “Genetic analysis ofif@pnce in Meloidogyne haplato resistance in bean
(Phaseolus vulgar)s. Nematology 5(5): 687-697.

Chitwood D (2003) “ Research on plant-parasitic atrde biology conducted by the United States Depart
of Agriculture - Agricultural Research Service”.dP&lanagement Science 59(6-7): 748-753.

Dangl J., Jones J (2001) “Plant pathogens and riatied) defence responses to infection”. Nature 48398
826-833.

Davis E., Hussey R., Baum T (2004) “Getting to tbets of parasitism by nematodes”. Trends in Penlagly
20(3): 134-141.

De llarduya M., Nombela G., Hwang C., Williamson Wluniz M., and Kaloshian | (200melis necessary
for Mi-1-mediated resistance and acts early in the resstgathway. Molecular Plant-Microbe
Interactions 17(1): 55-61.

De llarduya M., Moore A., Kaloshian | (2001) “ThemtatoRmellocus is required foki-1-mediated resistance
to root-knot nematodes and the potato aphid”. Rlantnal 27(5): 417-425.

Deslandes L., Peeters N., Feng D., Khounlotham Béycher C., Somssich |., Genin S., Marco Y (2003)
“Physical interaction between RRS1-R, a proteinfewimg resistance to bacterial wilt, and PopP2, a
type Il effector targeted to the plant nucleusfoéeedings of the National Academy of Scienceef t
United States of America 100(13): 8024-9.

Dodds P., Lawrence G., Catanzariti A., The T., WéngAyliffe M., Kobe B., Ellis J (2006) “Direct ptein
interaction underlies gene-for-gene specificity andvolution of the flax resistance genes and rilest
avirulence genes”. Proceedings of the National Aoadof Sciences of the United States of America
103(23): 8888-8893.

Doke N., Miura Y., Sanchez L., Park H., Noritake Yoshioka H., Kawakita K (1996) “The oxidative Bur
protects plants against pathogen attack: Mechamisthrole as an emergency signal for plant bio-
defence - a review'. Gene 179(1): 45-51.

Ellis J., Jones D (1998) “Structure and functionpobteins controlling strain-specific pathogen stmice in
plants”. Current Opinion in Plant Biology 1(4): 2293.

Ernst K., Kumar A., Kriseleit D., Kloos D., Plifis M., Ganal M (2002) “The broad-spectrum potayst
nematode resistance gene (Hero) from tomato isthemember of a large gene family of NBS-LRR
genes with an unusual amino acid repeat in the té&Rfion”. Plant Journal 31(2): 127-136.

Gebhardt C., Valkonen J (2001) “Organization of egeontrolling disease resistance in the potatomei
Annual Review of Phytopathology 39: 79-102.

Gheysen G., Fenoll C (2002) “Gene expression inatede feeding sites”. Annual Review of Phytopatgglo
40: 191-219.

Goggin F., Jia L., Shah G., Hebert S., Williamsan Wliman D (2006) “Heterologous expression of fliel.2
gene from tomato confers resistance against nemgtbdt not aphids in eggplant”. Molecular Plant-
Microbe Interactions 19(4): 383-388.

Greenberg J (1997) “Programmed cell death in ghatitogen interactions”. Annual Review of Plant Rbiggy
and Plant Molecular Biology 48(1): 525-545.

Hammond-Kosack K., Jones J (1997) “Plant diseasistece genes”. Annual Review of Plant Biology %85-
607.

Holt B., Hubert D., Dangl J (2003) “Resistance gsignaling in plants - complex similarities to aminnnate
immunity”. Current Opinion in Immunology 15(1): 2.

Hulbert S (1997) “Structure and evolution of thEl complex conferring rust resistance in maize”. Aanu
Review of Phytopathology 35: 293-310.

Hutangura P., Mathesius U., Jones M., Rolfe B (}9@@ixin induction is a trigger for root gall forrtian
caused by root-knot nematodes in white clover andssociated with the activation of the flavonoid
pathway”. Australian Journal of Plant Physiology®6221-231.

25



Chapter 2

Hwang C., Bhakta A., Truesdell G., Pudlo W., Willison V (2000) “Evidence for a role of the N ternsrand
leucine-rich repeat region of tivdi gene product in regulation of localized cell deafant Cell 12(8):
1319-1329.

Hwang C., Williamson V (2003) “Leucine-rich repaaediated intramolecular interactions in nematode
recognition and cell death signaling by the tonratistance protein Mi”. Plant Journal 34(5): 585359

Jacquet M., Bongiovanni M., Martinez M., Versch&e Wajnberg E., Castagnone-Sereno P (2005) “\faniat
in resistance to the root-knot nematddeloidogyne incognitdn tomato genotypes bearing the Mi
gene”. Plant Pathology 54(2): 93-99.

Jia Y., McAdams S., Bryan G., Hershey H., Valent(Z00) “Direct interaction of resistance gene and
avirulence gene products confers rice blast resista EMBO Journal 19(15): 4004-14.

Kaplan D., Keen N., Thomason | (1980) “Studies e tnode of action of glyceollin in soybean incorityghty
to the root-knot nematod®leloidogyne incognita” Physiological Plant Pathology 16: 319-325.

Kaplan D., Keen N (1980) “Mechanisms conferringnpleacompatibility to nematodes”. Revue de Nemaj@o
3(1): 123-134.

Kim C., Zhang S (2004) “Activation of a mitogen-aated protein kinase cascade induces WRKY famfly o
transcription factors and defense genes in toba¢daht Journal 38(1): 142.

Kitagawa K., Skowyra D., Elledge S., Harper J.,tetid® (1999) “SGT1 Encodes an Essential Comporiethieo
Yeast Kinetochore Assembly Pathway and a Novel S8utnf the SCF Ubiquitin Ligase Complex”.
Molecular Cell 4(1): 21.

Kovtun Y., Chiu W., Tena G., Sheen J (2000) “Fumal analysis of oxidative stress-activated mitegen
activated protein kinase cascade in plants”. Putiogs of the National Academy of Sciences of the
United States of America 97(6): 2940-2945.

Kushida A., Suwa N., Ueda Y., Momota Y (2003) "Effe of Crotalaria junceaandC. spectabilison hatching
and population density of the soybean cyst nematddeterodera glycines (Tylenchida:
Heteroderidag'. Applied Entomology and Zoology 38(3): 393-399.

Lamb C., Dixon R (1997) “The oxidative burst in miaisease resistance”. Annual Review of Plant®jpl48:
251-275.

Lee J., Rudd J., Macioszek V., Scheel D (2004) ‘@it changes in the localization of MAPK cascade
components controlling pathogenesis-related (PR gxpression during innate immunity in parsley”.
Journal of Biological Chemistry 279(21): 22440-2844

Li Q., Xie Q., G., Smith-Becker J., Navarre D., &sthian | (2006) Mi-1-mediated aphid resistance involves
salicylic acid and mitogen-activated protein kinasgnaling cascades”. Molecular Plant-Microbe
Interactions 19(6): 655-664.

Liu Y., Schiff M., Serino G., Deng X., Dinesh-Kiar S (2002) “Role of SCF ubiquitin-ligase and @@P9
signalosome in th&l gene-mediated resistance response to Tobacco anasas”. Plant Cell 14(7):
1483.

McHale L., Tan X., Koehl P., Michelmore R (2006)IdRt NBS-LRR proteins: adaptable guards”. Genome
Biology 7(4): 212.

Melillo M., Leonetti P., Leone A., Veronico P., BleZacheo T (2006b) “Plants say no to root-knot ateries”.
XXVIII International Symposium of European SocietfiyNematologists, June, 2006, Bulgaria.

Meyers B., Dickerman A., Michelmore R., Sivaramakrian S., Sobral B., Young N (1999) “Plant disease
resistance genes encode members of an ancienivamdedprotein family within the nucleotide-binding
superfamily”. Plant Journal 20(3): 317-332.

Milligan S., Bodeau J., Yaghoobi J., KaloshianZabel P., Williamson V (1998) “The root knot nenteo
resistance gen®li from tomato is a member of the leucine zipper, @oiitle binding, leucine-rich
repeat family of plant genes”. Plant Cell 10(8)073.319.

Mittler R., Del Pozo O., Meisel L., Lam E (1997)dfRogen-induced programmed cell death in plantesaible
defense mechanism”. Developmental Genetics 21{#):289.

Moffett P., Farnham G., Peart J., Baulcombe D (200&eraction between domains of a plant NBS-LRR
protein in disease resistance-related cell de&WBO Journal 21(17): 4511.

Morel J., Dangl J (1997) “The hypersensitive res@oand the induction of cell death in plants”.|©elath and
Differentiation 4(8): 671-683.

Nombela G., Williamson V., Muniz M (2003) “The rekmot nematode resistance geMel.2 of tomato is
responsible for resistance against the whitBmisia tabaci’ Molecular Plant-Microbe Interactions
16(7): 645-649.

Paal J., Henselewski H., Muth J., Meksem K., Merean@., Salamini F., Ballvora A., Gebhardt C (2004)
“Molecular cloning of the potat@rol-4 gene conferring resistance to pathotype Rol ofdloé cyst
nematodéslobodera rostochiensibased on a candidate gene approach”. Plant J@8(®): 285-297.

26



Plant defense induced by parasitic nematodes

Parniske M., Hammond-Kosack K., Golstein C., Thor@asJones D., Harrison K., Wulff B., Jones J (1997
“Novel disease resistance specificities result flaeguence exchange between tandemly repeated genes
at theCf-4/9locus of tomato”. Cell 91(6): 821-832.

Peart J., Lu R., Sadanandom A., Malcuit I., Moffett Brice D., Schauser L., Jaggard D., Xiao Sle@an M.,
Dow M., Jones J., Shirasu K., Baulcombe D (2002pitjuitin ligase-associated protein SGT1 is
required for host and nonhost disease resistangéaits”. Proceedings of the National Academy of
Sciences of the United States of America 99(16365310869.

Pedley K., Martin G (2005) “Role of mitogen-actigdtprotein kinases in plant immunity”. Current Qpmin
Plant Biology 8(5): 541-547.

Pontier D., Balague C., Roby D (1998) “The hypes##re response. A programmed cell death associatiéd
plant resistance”. Comptes Rendus de I'Academi&diesices - Serie 11l 321(9): 721-734.

Ren D., Yang H., Zhang S (2002) “Cell death mediaby MAPK is associated with hydrogen peroxide
production inArabidopsis” Journal of Biological Chemistry 277(1): 559.

Ruben E., Jamai A., Afzal J., Njiti V., TriwitayakoK., Igbal M., Yaegashi S., Bashir R., Kazi Sreli P.,
Town C., Meksem K., Lightfoot D (2006) “Genomic &ysas of therghl locus: candidate genes that
underlie soybean resistance to the cyst nematddigiecular Genetics and Genomics 276(6): 503-516.

Seah S., Yaghoobi J., Rossi M., Gleason C., WikiamV (2004) “The nematode-resistance géviel, is
associated with an inverted chromosomal segmensusteptible compared to resistant tomato”.
Theoretical and Applied Genetics 108(8): 1635-1642.

Shapiro A (2005) “Nitric Oxide Signaling in Plantd’itamins and Hormones 72: 339-398.

Shirasu K., Schulze-Lefert P (2003) “Complex forimat promiscuity and multi-functionality: Protein
interactions in disease-resistance pathways”. @mélant Science 8(6): 252.

Sobczak M., Avrova A., Jupowicz J., Phillips M. ngt K., Kumar A (2005) “Characterization of susdgifity
and resistance responses to potato cyst nema@idbddera spp infection of tomato lines in the
absence and presence of the broad-spectrum nemasig&ancélero gene”. Molecular Plant-Microbe
Interactions 18(2): 158-168.

Takken F., Tameling W (2009) “To nibble at plargistance proteins”. Science 324, (5928): 744-746.

Tameling W., Elzinga S., Darmin P., Vossen J., Bakk., Haring M., Cornelissen B., (2002) “The toogt
gene products I-2 and Mi-1 are functional ATP bmgiproteins with ATPase activity”. Plant Cell
14(11): 2929-2939.

Tao Y., Xie Z., Chen W., Glazebrook J., Chang HanHB., Zhu T., Zou G., Katagiri F (2003) “Quantitat
nature ofArabidopsisresponses during compatible and incompatible acteyns with the bacterial
pathogerPseudomonas syringaéPlant Cell 15(2): 317.

Thurau T., Kifle S., Jung C., Cai D (2003) “The mrater of the nematode resistance gels&pro-lactivates a
nematode-responsive and feeding site-specific gapeession in sugar bedBdta vulgaris L) and
Arabidopsis thaliana Plant Molecular Biology 52(3): 643-660.

Ueda H., Yamaguchi Y., Sano H (2006) “Direct int#i@n between the tobacco mosaic virus helicaseaitom
and the ATP-bound resistance protein, N factorrduthe hypersensitive response in tobacco plants”.
Plant Molecular Biology 61(1-2): 31-45.

Van Der Biezen E., Jones, J (1998) “Plant diseasistance proteins and the gene-for-gene concemhds in
Biochemical Sciences 23(12): 454-456.

Van Der Voort J., Van Zandvoort P., Van Eck H.,Keostsma R., Hutten R., Draaistra J., Gommers Eqhken
E., Helder J., Bakker J (1997) “Use of allele sfieity of comigrating AFLP markers to align genetic
maps from different potato genotypes”. Moleculad &eneral Genetics 255(4): 438-447.

Van der Vossen E., Gros J., Sikkema A., MuskensWhuters D., Wolters P., Pereira A. Allefs, S (2p0bhe
Rpi-blb2 gene from Solanum bulbocastanum isMiril gene homolog conferring broad-spectrum late
blight resistance in potato”. Plant Journal 44g2)8-222.

Van der Vossen E., van der Voort R., Kanyuka K.nd&hmane A., Sandbrink H., Baulcombe D., Bakker J.,
Stiekema W., Klein-Lankhorst R (2000) “Homologuesaosingle resistance-gene cluster in potato
confer resistance to distinct pathogens: A virus amematode”. Plant Journal 23(5): 567-576.

Vos P., Simons G., Jesse T., Wijbrandi J., HeinenHogers R., Frijters A., Groenendijk J., DiergbaP.,
Reijans M., Fierens-Onstenk J.; Both de M., Pelethariharska T., Hontelez J., Zabeau M (1998)
“The tomatoMi-1 gene confers resistance to both root-knot nemataahel potato aphids”. Nature
Biotechnology 16(13): 1365-1369.

Williamson V (1998) “Root-knot nematode resistagedes in tomato and their potential for future ugeinual
Review of Phytopathology 36: 277-293.

Williamson V (1999) “Plant nematode resistance gén@urrent Opinion in Plant Biology 2(4): 327-331.

Williamson, V., Gleason C (2003) “Plant-nematodteiiactions”. Current Opinion in Plant Biology 6(®27-
333.

27



Chapter 2

Williamson V., Hwang C., Truesdell G., Bhakta AgrEK (2000) “The nematode resistance géfie Biology
of plant-microbe interactions”. St. Paul, Interpatl Society of Molecular Plant-Microbe Interacson
2: 454,

Williamson V., Kumar A (2006) “Nematode resistanineplants: the battle underground”. Trends in Gieset
22(7): 396-403.

Xing T., Higgins V., Blumwald E (1997) “Race-spicielicitors of Cladosporium fulvunpromote translocation
of cytosolic components of NADPH oxidase to thespla membrane of tomato cells”. Plant Cell 9(2):
249-259,

Zhang S., Klessig D (2001) “MAPK cascades in pldetense signaling”. Trends in Plant Science 6(52]-
527.

Zipfel C., Felix G (2005) “Plants and animals: #etient taste for microbes?” Current Opinion inrRIBiology
8(4): 353-360.

28



Chapter 3

Domain exchange between Rx1 and
GpaZ in potato reveals flexibility of CC-
NB-LRR genes to switch between virus
and nematode resistance

Kamila Koropacka*, Erik Slootweg*, Jan Roosien, Robert Dees, Casper van
Schaik, Rikus Pomp, Liesbeth Bouwman, Arjen Schots, Geert Smant, Jaap
Bakker, Aska Goverse

*equal contribution

To be submitted



Chapter 3

ABSTRACT

Plants are challenged by a myriad of pathogenst@migfend themselves they have evolved
numerous disease-resistané® ¢enes, of which most encode a nucleotide bindioigain
(NB) and a specificity determining leucine-rich eap region (LRR). NB-LRR proteins are
often rapidly evolving molecules and it has beeavwsh that only few changes in the LRR
domain are required to alter the resistance spéyifiowards novel variants of a pathogen.
However, little is known about the ability of NB-ERgenes to generate resistance to
phylogenetically unrelated pathogens. Here we exgd@ the LRR domains of the paralogs
Gpa2 and Rx1, which mediate resistance to thermsiatodeGlobodera pallidaandPotato
virus X (PVX), respectively, in potatdSplanum tuberosumBoth R genes have a predicted
coiled-coil domain (CC) at their amino terminus.eTgenetic fusion of the CC-NB @pa2
with the LRR of Rx1 (GpaZnw/Rx1) showed autoactivation, but lowering the exprassio
levels resulted in extreme resistance to PVX asmiesl in wild type potato plants. In
contrast, transgenic potato expressing the reabrmanstruct Rxlen/Gpa) showed a loss-
of-function phenotype. Reintroduction of the filstLRRs of Rx1 resulted in a gain of
resistance, and a mild inhibition of nematode dgwelent was obtained similar to wild type
resistance tds. pallida Our results show that the CC, NB, and ARC domaires non-
pathogen specific modules and support the hypathésat changing the recognition
specificities of LRR domains is sufficient to switthe resistance specificities of NB-LRR
genes towards taxonomically unrelated pathogerespective the route of invasion or mode
of parasitism.

INTRODUCTION

Plants are constantly exposed to a diverse arrpatbibogens and parasites that attempt
to invade leafs, stems or roots by various mechaigo sense foreign invaders, plants have
evolved a sophisticated immune system consistirrgadptor-like resistance (R) proteins and
a more generic microbe-associated molecular pafdAMP) recognition system (Holt et al.,
2003; Jones and Takemoto, 2004). The domiRageénes operate in a gene-for-gene system
in which the R proteins limit the growth of virusdmcteria, fungi and invertebrate pests by
triggering a host defence response upon recognitibipathogen-derived elicitors. This
recognition may involve a direct interaction betweke R protein and its cognate elicitor, or
an indirect interaction by sensing elicitor-depertdemodifications of host proteins. The
subsequent host defence response may include ddegtion of anti-pathogenic compounds,
the induction of a reactive oxygen burst and allpcagrammed cell death, or a so-called
hypersensitive response (HR) (Lam et al., 2001)stMmownR genes encode a nucleotide
binding site (NB) and a leucine-rich repeat domeesponsible for the direct or indirect
recognition of the pathogen. Within the NB-LRR clag disease resistance genes two large
families can be distinguished: CC-NB-LRR proteihatthave a N-terminal coiled-coil (CC)
domain and TIR-NB-LRR proteins with a N-terminal [ITdnterleukin-1 receptor (TIR)
domain (Meyers et al., 2003).

Plant resistance genes of the NB-LRR class arelyhighlymorphic and are among the
most rapidly evolving genes in the genome (MondnaBalomino et al., 2002; Cork and
Purugganan, 2005). Although mutations are a majorcg of variation, much of the diversity
within resistance gene families arises from in@ad intergenic sequence exchanges that
shuffle polymorphic sites between individual genétile several simpldR gene loci do
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exist, mostR genes belong to gene families located at compbex harbouring several
tandemly repeated NB-LRR homologs. The occurrerfc® gene homologs in clusters is
thought to promote sequence exchange by gene ®oweand unequal crossing-over. A
detailed study of theRpl rust resistance complex of maize showed that féstgu of
sequences played a central role in the creatiogeoktic diversity and even lead to new
specificities (Hulbert 1997; Sun et al., 2001; $nand Hulbert, 2005). Extensive work with
theL, M, N, andP loci in flax demonstrated the role of recombinatio the evolution of new
recognition specificities tMelampsora linistrains (Ellis et al., 1999; Luck et al., 2000;
Doddset al., 2001; Dodds et al., 2001).

A key issue in plant pathology is the capacity tdngs to generate novel resistance
specificities. It has clearly been shown that thRRL domain plays a crucial role in
recognizing foreign invaders and only few aminodachanges may alter the recognition
specificity towards different variants of a pathng&arnham and Baulcombe, 2006; Takken
et al., 2006). At complex loci, but also at simidgei, highly similarR genes have been found
that recognize series of variants of a single pgghqHayes et al., 2004). However, the ability
of NB-LRR genes to switch resistance specificitiestween taxonomically unrelated
pathogens is largely unknown. Molecular studieaddress this issue are hampered, because
the vast majority of thé&k gene specificities have not been identified yet.alD presently
known NB-LRR sequences, 149 in tAebidopsisgenome, about 400 in poplar and over 500
in rice, relatively few can be coupled to a cognp&ghogen (The Arabidopsis Genome
Initiative 2000; Meyers et al., 2003; Zhou et aD04; Tuskan et al., 2006). Even in clusters
containing R genes of known specificities, the functions ofaaént paralogs are often
unknown. An indication that altering resistance c#ipgties towards widely different
pathogens involves relatively few molecular changssmes from the observation that
resistance genes for downy mildelRRP§ and for Turnip Crinckle virus HRT) in
Arabidopsisare highly homologous and are found at the samergi position in different
accessions (Cooley et al., 2000). Also randomitro mutagenesis in the LRR domain of the
Rx1 gene conferring resistance Rotato virus Xshowed that extending the recognition
spectrum to poplar mosaic virus, required only leinrgmino acid changes in the LRR to
recognize the related coat protein (Farnham andcBaibe, 2006).

The R genes of the CC-NB-LRR and TIR-NB-LRR families baa well
defined modular structure and confer disease egmist through a multistage activation
process initiated by the LRR domain in the presesicthe elicitor (Takken et al., 2006).
Activation of the N-terminal domains leads to th@nsduction of a yet unknown signal that
initiates the defence response. Hence, the flatyilmf NB-LRR genes to generate resistance
specificities to phylogenetically unrelated pathaogevill not only depend on the ability to
develop novel recognition specificities by the LB&main, but also on the ability of the CC,
TIR and NB domains to transduce signals that attestdevelopment of entirely different
pathogens. The R proteins Gpa2 and Rx1 are hightyologous and located in the saRe
gene cluster of potatGolanum tuberosunbut confer resistance to two different types of
pathogen, the potato cyst nemato@éobodera pallidaand to Potato virus X (PVX),
respectively (van der Vossen et al., 2000). Patgsd nematodes penetrate the vascular tissue
of the roots and fuse plant cells into multinuctetgeding cells. In resistaf@pa?2 plants the
syncytium is surrounded by necrotic cells and #diced flow of nutrients delays the growth,
and finally blocks the development of fertile adédmales. PVX, however, is a single
stranded RNA virus that is transmitted above grounyd insects and other forms of
mechanical injury, resulting in systemic infectiohthe aerial parts of the plant. A striking
feature of Rx1 mediated resistance is the rapidsarof PVX accumulation in the initial
infected cells, resulting in symptomless resistarscecalled extreme resistance. Gpa2 and
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Rx1 therefore provide an excellent test system rweestigate the exchangeability of
recognition and signaling domains and explore tlwugionary flexibility of R proteins.

Here, we provide evidence for the hypothesis, tatjntergenic sequence exchanges
and various types of mutations, NB-LRR proteins endlie potential to alter resistance
specificities towards taxonomically unrelated pagts in relatively short evolutionary time
periods. Both the regulatory sequences and CC-NBadts of the paralogs Gpa2 and Rx1
are non-pathogen specific and exchangedégnarkably, the genetic fusions of the CC-NB
of Rx1with the LRR ofGpa2 (Rx1:n/Gpa2) and the reciprocal domain swap (GadRx1,)
were not functional when driven by the endogenoosnpters or 35S promoter. Gain of wild
type resistance was obtained by re-introducingfitisé five LRRs of Rx1 in Rxdn/Gpa2,
restoring the compatibility between the N-termipalt of the LRR and the ARC2 domain.
Decreasing the expression levels for Gp#2x1 resulted in extreme resistance against
PVX, indistinguishable from wild type plants. Ouwesults indicate that not only coding
sequences, but that also optimizing the expredsi@ls may play a role in generating novel
resistances.

RESULTS

The CC-NB domain of Gpaz2 signals extreme resistant¢e PVX
To test the versatility of the various domains @ia@ and Rx1 in triggering defense responses
to PVX and potato cyst nematodes, a chimeric gerweding the CC-NB-ARC domain of
Gpa2 and the LRR domain oRx1 was created (Fig. 1A). However, under control lué t
double enhanced CaMV 35S promoter this construstilt® in a constitutive cell death
response in an agroinfiltration assay on leavedNigbtiana benthamiangRairdan and
Moffett, 2006). To see if attenuating the expressievel would dicrease the autoactive
response, we introducted an out of frame start magustream of the original translation
initiation site (Fig. 1A). Hence, translation o&tR gene reading frame becomes dependent on
leaky scanning (LS) by the ribosome (Kozak 1995z#&do 1999), resulting in a strong
reduction of the level of correctly translated piot The effect of the leaky scanning (3§S
promoter was evaluated by the expression of GFBtagrt under control of the 35S promoter
and the 35& promoter and comparing the protein levels by Washdots. As expected the
359 s promoter showed a strong reduction of the expoassi GFP (Fig. 1B). Expression of
the recombinant protein GpaZRx, in an agroinfiltration assay on leaveshofbenthamiana
under control of the 35§ promoter showed that the protein levels were n&ow the
autoactivation threshold (Fig. JCThe construct, however, is at these protein teable to
induce a specific HR in the presence of the avirudeat protein of PVX (Fig. 1D).

Transgenic potato plants harboring the 35&paZ\/Rx1l were created to test for
PVX resistance. The potato clone SH containingeih@ogenoufx1 gene and a transgenic
line containing theRx1 gene under control of the 35S promoter were ireduds resistant
controls. Plants were inoculated with either theuent strain PVXks or the virulent strain
PVXys andthree weeks after inoculation the compound leawes ithe shoot apex were
harvested for virus detection using ELISA. FiguEeshows that no detectable amounts of the
avirulent PVX strain could be observed in the tgamsc plants expressing the recombinant
gene 35&::Gpazy/Rx1, as was the case for the resistant control plamtthe susceptible
control plants, however, large amounts of RyXcould be detected, indicating that the
inoculation with the avirulent strain was succekshofection of the plants with th&x1-
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resistance breaking strain resulted in systemieagpng of the virus in all plants, although
reduced in the plants expressiRxl from the 35S promoter. These results show that
GpaZn/Rx1,. confers extreme resistance to PVX in shoots ohtpoin a gene-for-gene
specific manner like the origindkRx1 gene. These data support earlier findings that the
recognition specificity oRx1is determined by the LRR domain (34), but moreragengly,
that the CC-NB-ARC domain of the nematode resigagpeneGpa2is able to activate an
extreme resistance response against potato virus X.

B Gpa2 cC NB-ARC LRR Q/AT
I : —
ATG Apall TAG
355::Gpa2,/Rx1, ___ meee—— l
ATG Apall TAG

355Ls-':GpaZCA/RX17v '\/:Vi

CC ATG G ATG GCT TAT
M A Y

GFP-myc6
promoter: 35S 355,
kDa

50 -

25—

a-GFP

35S::Gpa2./Rx1; 355;::Gpa2./Rx1,

50 -
37 -

CBB

25-

CP106 CP105 YFP
35S::Rx1 HR - -
35S::Gpa2 - - -
35S:: Gpa2y/RxL HR HR HR
3595:Gpa2eny/RxL HR - -
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PVX-UK3 PVX-HB
Rx1(SH) 0.038 £ 0.020 2.2 £0.066
35S::Rx1 0.042 + 0.019 0.52 £ 0.090
355 5:Gpa2ey/RxL 0.031+0.011 1.3+0.6
rx1 (lineV) 2.9+£0.072 2.0£0.47
E
Figure 1

A. The reciprocal domain swap constr@gaZ/Rx1 was obtained by exchanging the LRR domain
of Gpa2with the corresponding domain &x1 using theApall restriction site in the context of a

CaMV 35S promoter cassette for expression in plaAtssecond translation initiation site was

introduced in p35%::Gpaz/Rx] to obtain leaky scanning of ribosomes (30) and a subsequent

reduction of the expression levels of the protein.

B. Comparison of the expression levels of the grésordscent protein GFP-myc6 under control of
the CaMV 35S and the leaky scanning 35Bromoter in an agroinfiltration assay. Leaf protei

extracts were separated on SDS-PAGE followed byesedblotting and detection of the protein by a
polyclonal anti-GFP peroxidase-conjugated antibasFP) or Coomassie Brilliant Blue staining
(CBB). The GFP specific band is indicated by aowarr

C. Agroinfiltration of Nicotiana benthamianéeafs with p35SGpaz.\/Rx1. results in a constitutive
cell death response in the absence of the PVXtaljoivhereas no such autoactivition response was
observed for 35%::GpaZ/Rx1, .

D. Agroinfiltration of Nicotiana benthamianéeafs with 35SGpaZyRx1 and 35%s::GpaZy/RxL

in the presence and absence of the virulent amdlant PVX elicitor CP105 and CP106, respectively.
Expression of the wild typR genesRx1andGpa2under control of the normal CaMV 35S promoter
were included as a positive and negative contrBl Hhypersensitive response.

E. A greenhouse virus resistance assay was perfoomédinsgenic potato plants expressing the wild
type Rx1gene under control of the CaMV 35S promoter amrddiimain swap constru@pazn/Rx1
under control of the leaky scanning 358romoter. The diploid potato clone SH, which camdahe
endogenoukxlgene, was used as the resistant control and thadimotato clone lineV, which was
used for the transformation of the constructs, wssd as susceptible control. Leaf material was
collected from secondary infected leafs of the ppégex three weeks after infection with the avintile
strain PVXs or the virulent strain PVpg and systemic spreading of the virus in the plavas
detected by ELISA.
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Both the endogenous promoters of Rx1 and Gpa2 ardla to drive virus and nematode
resistance
Comparison of the flanking sequences of Gpa2 arid$Rwwed that the sequences upstream
of the start codon share more similarity than gguences downstream of the ORF. Analyses
of an approximately 2.6 kb DNA fragment upstreanthef start codon revealed two extra TA-
rich regions in the Gpa2 sequence at -2458bp;8Ad at -1329 (T4), which are predicted
to function as an enhancer, and two small indeds ypstream of the start codons (Fig. 2A).
The remaining sequences show a similarity of al8% and only differ in a number of
single base pair substitutions. For this regiomyaber ofcis acting regulatory elements
(CARE) was predicted including an AT-rich elemenin(ing site for AT rich DNA binding
protein ATBP-1) and AT-rich sequence (for maximdicier-mediated activation), an
ethylene (ERE), auxin (TGA) and wound (WUN) respoa®lement. Analysing the genomic
sequence +298 bp downstream of the stop codonlesvdaat the 3'UTR regions of Rx1 and
Gpa2 were identical until +160 followed by a moeegiable region containing 8 single base
pair substitutions and two small indels of 1 amtli2leotides in case of Gpa2 and one indel of
3 nucleotides for Rx1 (Fig. 2B).

The homologous DNA fragment upstream of the start codbRx1 (2571 bp) and
Gpa2 (2613 bp) were tested for promoter activity inaamoinfiltration assay in leaves bf.
benthamianaExpression oRxL under control of either tiex1promoter region (RXI) or the
Gpa2 promoter region @PAII) in combination with the corresponding terminageguences
(298 bp) resulted in the detection of an HR witBirdpi in the presence of the avirulent
elicitor CP106. A similar response was observed tfer original genomic BAC clone
harboringRx1(Fig. 3A). Subsequently transgenic potato plantbdwaing pGPAI:Rx1 and
pRXI::RXL were tested in a virus resistance assay. Nomistepreading of the avirulent
strain PVXys was detected, whereas an accumulation of theewitutrain PVXs was
observed using ELISA (Fig. 3B). From this experitp@was concluded that the origirfakl
promoter activity was retained in the selected Diksigment and that th&pa2 promoter is
able to driveRx1mediated extreme resistance against PVX in thetslodgotato.

The activity of the putativéspa2 promoter was tested in transgenic potato plants
harbouring pGPAIIGpa2upon nematode infection in the greenhouse. Tlsiglted in almost
a complete reduction of the number of females atsrof transgenic plants infected with the
avirulent nematode population D383 compared totplarfected with the virulent nematode
population Rookmake(Fig. 3C). A more mild resistance response was nbéthfor the potato
clone SH containing the endogenoGga2 gene, which shows that the origin&@pa2
promoter activity is retained in the selected DNAgment. In addition, transgenic plants
harbouring pRXI:Gpa2 were included in the nematode resistance tesgdovhether thex1l
promoter is able to drivé&spa2mediated nematode resistance. This resulted irmédas
reduction in the number of cysts on plants infectgith the avirulent nematode population
D383, whereas normal nematode development was w@aseyn roots infected with the
virulent population RookmakefThese data show that tHex1 and Gpa2 promoter and
terminator sequence are interchangeable and aldeu® either nematode resistance in the
roots as well as virus resistance in the shoototditp. Apparently, transcriptional regulation
of separate members from a single R gene clustebedighly conserved and independent of
their recognition specificity (virus vs. nematoae arget tissue (shoots vs. roots).
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A
Cis acting regulatory elements Rx1 Gpa2 Function
AT-rich element -658 -672 Binding site for AT li®NA binding protein
ATBP-1
AT-rich sequence -1219 - 1234 Element for maximal elicitor-mediated
activation
ERE -1333 -1378 Ethylene-responsive element
TC-rich repeats -2488 -2528 Involved in stress @efense responsiveness
TGA element -766 -780 Auxin-responsive element
WUN motif -1944 -1989 Wound responsive element
B
Figure. 4

A. Schematic representation of the Rx1 and Gpa2 pemegion, which are highly homologous in a
~2600 bp region upstream of the ATG start codon3(9% identity). Two extra TA-rich regions are
present in the Gpa2 promoter (Adt — 2458 bp and AT at -1329 bp) and two small indelss(@nd

T,) are located just upstream of the start codon7(18® and -6 bp, respectively). Various single base
pair substitutions are distributed over the promatmion, resulting in the prediction of several
additional cis acting regulatory elements (PlantCARE) for eitbe® Rx1 or Gpa2 promoter. Most
elements have a function in light responsivenessem for HSE, and are therefore most likely not
directly involved in the regulation of Gpa2 and Rediated resistance.

B. PlantCARE prediction of severeails acting regulatory elements involved in plant degeand stress

in theRxandGpa2promoter regions (-2573 bp and -2613 bp, respagjiv

To test whether the nematode resistance responsémted by the transgenic lines
harboring theGPAII::Gpa2 and 35S::Gpa2were indistinguishable from the wild type, roots
of in vitro grown transgenic plants were infected with avimulpre-parasitic second stage
juveniles ofG. pallida D383 for microscopic observations (Fig. 4). Asaatcol, roots were
infected with the virulent population Rookmakerulisag in normal nematode development
on all roots (Fig. 4A). In the wild type resistawbts of SH, however, a variable and mild
resistance response was observed resulting intést @f nematode development also in later
stages of their life cycle, although occasionalyme avirulent nematodes were able to
develop on resistant roots (Fig. 4B). The encapsmaf the induced feeding cell by a layer
of necrotic cells resulted in the starvation of tieveloping nematodes and subsequently, the
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appearance of a small number of translucent undpedl adult females (Fig. 4C). The
majority of the infective juveniles, however, wexgested by a hypersensitive-like response
at the feeding site (Fig. 4D). This response exrglalso the detection of a low number of
adult females on the roots of SH in the greenhoesestance assay, whereas hardly any
females were detected on roots of the transgemsistamt plants. Normal development of
adult females was observed on the roots of theeptibte potato Line V, which was used for
transformation (Fig. 4E). It was noticed that nemdatdevelopment was completely inhibited
by a local cell death response at the feeding sitegansgenic roots when Gpa2 was
expressed under control of the native GPAIlI prom@&ey. 4F) orthe 35S promoter (Fig. 4G

and H). These data suggest that expression of (aph2 background of the potato genotype
line V is more effective than in the potato cloré. S

Rx1 (BAC)
PRXI::Gpa2q/Rx1;
PRXI::Rx1

pGPAII::Gpa2a/Rx1,

PGPAII: :Rx1
A
PVXuks PVXys
construct value Ay: = SD value Ay: = SD
Rx1’ (BAC) 0.041 £0.045 1.7+0.57
pRXI::Rx1 0.052 £ 0.035 1.3+0.39
pGPAII::Rx1 0.025 £ 0.024 0.46 £0.32
B
Construct D383 Rookmaker
No. cysts + SD  No. cysts + SD
Gpa2(SH) 84 316 +£130
pGPAIl::Gpa2 219 439 + 235
pRXI::Gpa2 02+04 435 +302
PGPAII::RxIen/Gpad 261 + 162 482 + 150
PRXI::RxkNGpaz 307 + 156 665 + 295
empty(Line V) 729 £ 378 305+0

C
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Figure 3

A. Agroinfiltrationassay ornN. benthamianaleafs of Rx1, GpayRx1 and Rxln/GpaZ when
coexpressed with the Rx1 elicitor CP106, the vimuleontrol CP105 and YFP as negative control.
The chimeric constructs were expressed from thegerbus RXI and GPAIl promoters. The original
BAC clone harboringRx1was used as a positive control. Images were taldays post infiltration.

B. Greenhouse virus resistance assay: mean abserbahes (A405) are shown of homogenate of
secondary compound leaves in ELISA of transgeniatpglants. Genes were expressed from the 2.8
kb of 5’-UTR sequence of the idx1 gene (pRXI) or 2.8 kb of 5’-UTR sequence and (b5ok 3'-
UTR sequence of the v@pa2gene (pGPAIl). Leaves were harvested three wektks @imary leaf
inoculation with PVXs or PVX4s. Four to tvelwe plants from 2 to 4 independergdinvere assayed
per construct.

C. Greenhouse nematode resistance assay on tranpgéstic plants harboring tti@pa2gene and the
domain swap construd®x/GpaZz under control of the endogeno&x1 or Gpa2 promoter and
terminator. Plants were tested with the avirulest®383 population and the virulent population-Pa
Rookmaker of the potato cyst nematdslebodera pallida Three independent transgenic lines were
assayed in multiple replicates for each transg€gsts were counted on these plants at 16 weeks post
inoculation and the average number + SD are shBVamts were scored resistant when the number of
cysts found on the roots of the plants was < 20.

The CC-NB-ARC domain of Rx1 signals mild nematodeeasistance tdG. pallida

For the chimericGpa2cy/Rx1 construct we showed that it is autoactive whenedtriv
by the 35S promoter, but regains its wild-type mitgpe when lowering the expression level
by reducing its translation efficiency. To studyetleffect of expression levels on the
exchangeability of the Gpa2 and Rx1 CC-NB and LR¥fains in more detail, the domain
swap construct was expressed under control of ntbogenous promoter and terminator
regions. When expressed under control of the natgelatory sequences of both Gpa2 and
Rx1 theGpazn/Rx1 construct exhibited a consitutive cell death resgon a transient assay
on leaves oN. benthamiandFig. 3A). Consequently, no stable transgenic jpopédnts could
be generated for this construct in Agrobacteriummediated plant transformation assay.
Apparently, the expression level of this domain pwanstruct under control of its native
promoter sequence was still above the activatieshwld.

To test the hypothesis if the CC-NB domain of Rxdsvable to mediate nematode resistance
to the potato cyst nemato@e pallida a reciprocal construct consisting of the CC-NBioa

of Rx1 and the LRR region of Gpa2 was construc@BAll::Rxcn/Gpag). As the cognate
elicitor of Gpa2is unknown, the functionality of the recombinarhg product was tested in a
nematode resistance assay. WReticn/GpaZ was expressed from the native Gpa2 and Rx1
promoter and terminator sequences, the chimerie gest its ability to mediate nematode
resistance in transgenic potato plants (Fig. 3Cpp& expression of the transgene was
confirmed by RT-PCR (data not shown). Real time ROR was performed, showing that
expression from the GPAIlI promoter leads to 64 sinosver transcript levels when compared
with expression from the 35S promoter (Fig. 5A)isTwas confirmed by the detection of a 50
to 100 times lower expression level of the 27-kBegr fluorescent protein (GFP) on anti-GFP
Western blots (Fig. 5B). Furthermore, the discrepametween the functionality of the wild-
type Gpa2 protein and the chimeric RxGpaa protein could not be explained by a
difference in protein stability. Western blot arsdg of GFP-Gpa2 and GFP-RxiGpaz
showed that both proteins accumulated to simileelte (Fig. 5C). These data show that the
endogenous regulatory sequences are not ableuv® fdimctional expression of this chimeric
protein.
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Normal development of adult females of the virulélabodera pallidapopulation Rookmaker on

in vitro grown plants of the diploid potato cone 8atboring the endogenoGpa2gene.

A small number of the infective nematodes fromatigulentG. pallidapopulation D383 develop
into normal adult females on resistant roots of SH.

The mildGpa2resistance response in SH results in an arrestrimatode development resulting in
typical undeveloped translucent females for D383.

The majority of the infective nematodes of D38Bliscked in SH by a local cell death response at
the onset of parasitism.

Infective nematodes from D383 develop into normdula females on susceptible roots of
transgenic control plants (line V) harboring an gmyector.

On transgenic potato roots harboring either the BR3pa2 (F) or 35S::Gpa2 (G and H)
constructs, nematode development was also inhillited local hypersensitive response at the
feeding site.

To investigate whether we could regain wild typena&de resistance by increasing the
expression level of the chimeric protein Rx/IGpaZ2, its function was tested under control of
the stronger CaMV 35S promoter and the Tnos termir(&ig. 6A). Greenhouse experiments
showed that transgenic plants expressingGipa2 gene under control of the CaMV 35S
promoter and the Tnos terminator of were resistarthe avirulent population D383 of the
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potato cyst nematod8lobodera pallida but susceptible to the virule@. pallida population
Rookmaker. Similar results were obtained for thddiype resistant potato clone SH
(Solanum tuberosumssp.andigena harbouring th&pa2gene (Fig. 6B). The potato line V, a
susceptible diploid potato clone used to creatdrdmesgenic resistant plants, was susceptible
in all cases as expected. For transgenic potataglarboring Gpa2 under control of the 35S
and native GPAII promoter, a similar wild type stance response was observed when tested
underin vitro conditions (Fig. 6C) However, transgenic plantsbbang an N-terminal GFP
fusion with Rxlcn/Gpag under control of both the constitutive CaMV 35Sd aBPAII
promoter resulted in a similar loss of function pbtype as observed for this chimera under
control of the endogenous regulatory sequencesar@ply, enhancing the expression levels
could not compensate for the lack of functionatityhis chimera.

Previously, it was demonstrated for an autoactivestruct identical tdGpazn/Rx1 that
restoration of the compatibility between the N-terahend of the LRR of Gpa2 and its ARC2
domain was essential for proper gene function (Rairet al., 2006). Therefore, the first five
LRRs of Rx1 (L5) were re-introduced to see if weuldorestore wild type nematode
resistance. Infection of transgenit vitro plants harboring the construBbenisGpaze.is
under control of the 35S promoter and Tnos terroingsulted in wild type resistance to the
avirulentG. pallida population D383 (Fig. 6D). A similar phenotype wasained for Gpa2
under the same experimental conditions. These dataonstrate that the compatibility
between the N-terminal end of the LRR of Rx1 with ARC2 domain is required for
functionality of the chimera. Furthermore, it isnctuded that the remaining part of the LRR
region of Gpaz2 is the sole determinant of nematedegnition. Fusion of this moiety to the
CC-NB-ARC-L5 region of Rx1, normally involved indhactivation of extreme resistance
against PVX, results in a functional recombinantpi®tein conferring pathotype-specific
nematode resistance.

DISCUSSION

Exchanging the recognition specificity determinidgR domain of Gpa2 and Rx1 showed
that the CC and NB domains could both mediate méreirus resistance in the shoots and a
mild nematode resistance response in the root®tattga To our knowledge, this is the first
example of the formation of functional bidirectadnchimeric R proteins between two
members of a singl® gene cluster that confer resistance to two coralyletinrelated
pathogens with distinct modes of parasitism anfégiiht routes of invasion. MoRtgenes are
located in clusters in the plant genome and evaelie single base substitutions, small
deletions/insertions, and intra- and intergenicusege exchanges (Baumgarten et al., 2003;
Kuang et al., 2004; Leister 2004). The exchangeiétional domains between two R genes
without disturbing pathogen recognition and disesagraling as shown in this paper provides
experimental evidence for the hypothesis that dieet selection at compléx gene loci may
result in resistance specificities to radicallyfeliént pathogens, irrespective the recognition
specificity of the parentaR genes. Apparently, the structural backbone ofehaedular
proteins forms a framework in which intergenic smiee exchange is allowed, but our
experiments also point out the functional constsaihat act on the generation of effective R
proteins by intergenic recombination. The obséowathat the CC and NB-ARC domains of
Gpa2 and Rx1 are versatile modules that can mediaigtance to widely different pathogens
is corroborated by the recent finding that habidopsisresistance genBPP13is able to
confer resistance to transgenic strainsPeeudomonas syringaand turnip mosaic virus
carrying the cognate effect&iTR13from the oomycetélyaloperonospora parasiticéRentel

et al., 2008).
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Figure 5

A. Real-time RT-PCR was performed to compare traresgpression under control of the CaMV
35S promoter or the endogendsiga2promoter upon agroinfiltration iN. benthamiandeafs resulted
in a ACt of about 6. No significant differences were olied between the wild typ&pa2 gene and
the chimeric construcRxl/Gpa3. Results were obtained in two independent experisne

B. Comparison of protein production under controlhef 85S promoter and the GPAII promoter on
Westernblot shows that the amount of protein isifigant lower (about 100 fold) for constructs
driven by the endogenous promoter.

C. Detection of the chimeric protein GFP-RxGpa2 on Westernblot ith anti-GFP antibody after
agroinfiltration shows that it is produced in sianiemounts as the wild type GFP-Gpa2 praiein
planta
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B Gpa2 cC NB-ARC LRR Q/AT
OrRa | —
ATG Apall TGA
35S::Rx1./Gpa2, | I —}'\/_
A
Potato line D383 Rookmaker
(No. cysts £ SD)  (No. cysts + SD)
SH (resistant) 814 316 £130
35S::Gpa2 0.1+£0.2 599 + 293
Line V (susceptible) 729 + 378 305+0
B
. D383
Potato line (No. cysts + SD)
GPAIl::Gpa2 0
35S::Gpa2 0
GPAII::Rxcn/Gpaz. 43+ 15
GPAIl:: GFP-Rx/Gpa2 49+ 29
35S::GFP-R¥yGpaz 18+ 20
Line V (susceptible) 31+21
C
. D383
Potato line (No. cysts + SD)
GPAIl::Gpa2 0
35S::Gpa2 0
35S::RxnsGpaze. s 09+1.1
Line V (susceptible) 22+6.5
D
Figure 6

A. The domain swap construekly/Gpa2 was obtained by exchanging the LRR domaiRxiwith

the corresponding domain Gipa2via theApall restriction site.

B. Greenhouse nematode resistance assay on tranpgéatic plants harboring tli@pa2gene and the
domain swap constru@xley/GpaZ under control of the CaMV 35S promoter and Tnosniteator.

The diploid potato clone SH, which contains thedwilpe Gpa2 gene, was used as a resistant control
plant. The diploid potato clone line V, which wased to create the transgenic plants, was used as a
susceptible control. Plants were tested with thgubant Pa-D383 population and the virulent
population PgRookmaker of the potato cyst nematdalebodera pallida Three to five independent
transgenic lines were assayed in multiple replgéte each transgene. Cysts were counted on these
plants at 16 weeks post inoculation and the averagwber + SD are shown. Plants were scored
resistant when the number of cysts found on th&srabthe plants was < 20.

Both CC-NB-ARC domains of Rx1 and Gpa2 are ablatditate an extreme and a mild
resistance response. This striking difference betwmtbe two resistance phenotypes suggests
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that the pathogen determines to some extend treomet of the resistance response. The
effectiveness ofGlobodera pallida’s secreted effectors in suppressing plant immunity
provides a plausible explanation. Pathogens likedog, fungi, oomycetes and nematodes
secrete an impressive array of proteins of whichmynare thought to be involved in
suppressing plant defenses (Gurlebeck et al., Riglout et al., 2006; Thomas 2006; Truman
et al., 2006; da Cunha et al., 2007; He et al.7208owever, not all resistance responses to
feeding cell-inducing nematodes are mild. The tastee proteins Hero and Mi-1.2 respond
with a fast HR upon nematode infection (Sobczadd.e2005; Williamson and Kumar, 2006).
Another explanation for the milder Gpa2 respondtas both the concentration of the elicitor
and the efficiency of the recognition by the LRRdons play a role in eventual response
levels.

Our data indicate that no pathogen-specific barimm the level of pathogen-specific
responses may exist withRgene clusters and thBtgene clusters may generate resistances
to novel pathogens in relatively short evolutiontnye scales.

Assays on transgenic potato plants showed thaemkegenous promoters Gipa2 and
Rx1 are exchangeable and that the resistance phesotyge indistinguishable from their
wild types. This means that the regulatory sequerfoe both genes allow for proper
expression in under- and aboveground plant tissuespose no limitation to the formation of
new specificities against pathogens with diverfastyles. This could also explain why most
R genes are constitutively expressed at low levetsughout the plant, even in tissues that are
normally not invaded by the cognate pathogens. &xghability of regulatory sequences of R
gene homologs in one cluster provides additionedatdity to adapt quickly to a wide range
of pathogens. For example, tRegeneMi-1.2 is expressed constitutively at low levels in all
plant parts and confers resistance against nengmtakaphids and whitefly.

Recently, it was shown that RanGAP2 binds to thedo@®ains of both Rx1 and Gpa2
(Sacco et al., 2007). Its presence is necessaryfulbrRx1-mediated PVX resistance
(Tameling and Baulcombe, 2007), and its overexppasbBas an activating effect on Rx1
(Sacco et al., 2007). The N-terminal domain of s@vR proteins has been shown to be the
binding place of a guarded host protein, a rol¢ lthks it to pathogen recognition (Mackey et
al., 2003; Mucyn et al., 2006; Ade et al., 2007T)Rk1 and Gpa2 are actually guarding
RanGAP2, this would imply that exchanging spediis by exchanging the LRRs was only
possible because they guard the same host proteichws targeted by both pathogens.
Although a role for RanGAP2 iGpa2mediated resistance has not been shown yet, itl cou
be a virulence target f@. pallida Both PVX and potato cyst nematodes recruit taatptell
machinery for their own benefit and reproductiantHat case the specific recognition by the
LRR could be triggered via a pathogen specific rcation of the guarded protein or a
specific interaction with the elicitor-guardee cdexp

It is likely that the principles we observed insttstudy play a prominent role during the
evolution of R proteins. The constitutively actiydenotypes we observed for several
chimeric constructs show that sequence divergemz @evolution between domains
constrain the possibilities for reshuffling sequesmevithin R gene clusters. The autoactivity
presents a strong selection factor as was illestrat this study by the inability to regenerate
transgenic potato plants with the constitutiveliivecR gene constructs. However, regulation
of transcript levels, translation efficiency or fmimn stability may assuage the effects of
domain incompatibility in newly formed chimerasdemonstrated in this study. This presents
us with a model of R gene evolution wherein rectgnispecificity, activation sensitivity,
and protein concentration together determine tleatenal resistance response.
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MATERIALS AND METHODS

DNA constructs

For expression under the control of the double rodd CaMV 35S promoter and Tnos terminator,
Rx1 was amplified from the binary plasmid pBINRx&af der Vossen et al., 2000) using the primers
5GpRxbn and Rxrev (Table 1) and cloned into theld&dl sites of pUCAP (van Engelen, Molthoff
et al., 1995), resulting in pUCAPRx1. FGpa2 the proximal end was amplified from pBINRGC2
(van der Vossen et al., 2000) with the primers 5&pRand GpRxSturev (Table 1) to generate a
Ncol-Avrll fragment, which was cloned together wih Avrll-Pstl fragment from pBINRGC2 into
the Ncol-Pstl digested pUCAPRX1.

The Rx1 3'UTR (transcription termination) regiomsvamplified from pBINRx1 using the
primers SUTRkp and 3UTRrev (Table 1) and clondd the Kpnl-Pacl sites of the reporter plasmid
PUCAPYFP, replacing Tnos. Next, the promoter regibirx1 (2805 bp between the Xbal site and
ATG startcodonwas cloned in two steps. First, the region betweerDralll site (-1429 bp) and the
startcodon was amplified from pBINRx1 using themmis bRxAdelf and RxbnREV (Table 1) and
second, the Dralll-Ncol fragment was cloned togetiwdgh the 1431 bp Ascl-Dralll fragment of
pBINRx1 into pUCAPYFP, replacing p35S (Ascl-Ncalhe Gpa23'UTR region was amplified from
pPBINRGC2 using the primers 5UTRkp and 3UTRrev (€ab) for cloning in the Kpnl-Pacl sites of
pPUCAPYFP, replacing Tnos. Th@&pa2 promoter region was constructed in two steps. First
region between the BstZ171 (Snal) site (-2744 by) #he startcodon was amplified from pBINRGC2
using the primers bGpaSnalf and GPbnREV (TableTh)s BstZ171-Ncol fragment was cloned
alongside the 720 bp Pacl-BstZ17I fragment of pBtliRfused to a Pacl-Ascl adapter consisting of
AD1 and AD2 (Table 1), into the Ascl-Ncol digestedCAPYFP with Gpa2 3'UTR after digestion
with Ascl-Ncol. Thereafter, the YFP sequence wasssquently replaced by the coding sequence of
RxlandGpa2via the Ncol and Kpnl restriction sites.

The domain swap construcBpazZ/Rx1 and Rxlky/Gpa2 were made by exchanging the
LRR fragments oiGpa2 and Rx1 using the unique ApalLl and Pstl site, which areseoved and
situated in the beginning and the end of the LR€bdimg region of the genes, respectively.

The N-terminal GFP fusion constructs were credagdirst providing GFP with Ncol and
Sstl-Kpnl sites and cloning of this fragment in pPARC Then the Ascl-Sstl (35S::GFP) was cloned
with a 12 amino acids encoding linker (-GGGSGGGSE&QGnto the pGPAIlI driven Rgene
constructs.

The leaky scan construct 35SGpaz\/Rx1, was created following the same procedure as for
35S::Gpaay/Rx1, but in this case the Gpa2 sequence was amphfigd Gpa2LSFor instead of
5GpRxbn as forward primer. For the leaky scan GF#®mgonstruct 35%::GFPmyc6, GFP was
amplified with the primer pair 5nGFP and 3CFP. HER fragments were transferred as Ncol-Sstl
fragments into pRAPmyc6, pGPAIImyc6 and pRXImyc&eT6 fold myc-tag, present in these vectors
was built from 3 tandem repeats generated by tfyd®mn of the Nhel-Spel fragments of the annealed
oligos mMMYC1 and mMYC2 (Table 1).

The PVX coat proteins CP106 and CP105 were anagliiom the PVX amplicons pGR106
(Jones, Hamilton et al., 1999) containing cDNA loé RxZ-avirulent PVX strain UK3 and pGR105
containing cDNA of th&kxLresistance breaking strain HB (Goulden, Kohm et1&893), respectively,
using the primers 5UK3cp and 3UK3CP (Table 1) f&¥x106 and 5HBcp and 3HBCP (Table 1) for
CP105. The products were cloned into the Ncol-Kpids of pUCAP between the CaMV 35S
promoter and the Tnos terminator.

For agro-infiltration assays argrobacterium tumefaciens mediated plant transformation,
the expression cassettes containing the constwets cloned into the Ascl and Pacl sites of the
binary vector pBINPLUS (van Engelen et al., 199%) &ransformed té. tumefaciengpMOG101).

Agroinfiltration assays

Agrobacterium tumefacienstrain pMOG101 were cultured for agroinfiltration described earlier
(Van der Hoorn, Laurent et al., 2000). For co-trdiion experiments, cultures were mixed prior to
infiltration. Leaves were infiltrated of 6 weeksdoNicotiana benthamianglants grown in the
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greenhouse at 20°C and 16 hours of light. Each swatibn was tested at leaist duplo on two
different plants in at least two independent experits.

Plant transformation

The susceptible diploid potato line V was usedAgrobacteriumrmediated plant transformation as

described (van Engelen et al., 1994). Genomic DN&s wxtracted using the Dneasy plant mini kit
(Qiagen) for PCR to analyse the incorporation @& trensgene in the plant genome. RNA was
extracted using Trizol LS Reagent (Life Technolsyitor RT-PCR using the Superscript TM First

strand synthesis system (Life Technologies) to éagrression of the transgene with gene specific
primers.

Virus resistance test

To obtain infectious virus particles, leavesMitotiana benthamianavere agroinfiltrated with the
PVX amplicons pGR106 and pGR105. Systemically igfédeaf material was homogenized in 10 ml
of 50 mM NaPO4 buffer pH 7 and 20 ul was usedroculation by rubbing four leaves per plant of 4
weeks old transgenic potato plants with carborunghawder. At least 3 plants per construct were
used. As a control for each construct one plantmask inoculatedinfected plants were grown in the
greenhouse at 23°C and 16 hours of light. Threeksvaéter infection 10 leaf discs were taken from
compound leaves of the apex and homogenized asiliEs@bove. The relative virus concentration
was determined using DAS-ELISA (Maki-Valkama et @000). ELISA plates were coated with a
1:1000 dilution of a polyclonal antibody against>®t6 bind the antigen and an alkaline phosphatase
conjugated version of this antibody against PVXjagated with alkaline phosphatase was used for
detection (a kind gift of J. Saaijer).

Nematode resistance test

For the nematode resistant tests, the avirudnbodera pallidapopulation D383 and the virulent
population Pa3-Rookmaker were used for infectiortrafsgenic potato lines. The resistant diploid
potato clone SH harboring the Gpa2 gene (van des&et al., 2000) was used as a control. Stem
cuttings ofin vitro potato plants were grown on agar plates and #ftee weeks, roots were infected
with approximately 300 surface sterilized secorgstuveniles per plate as described (Goverse, et al
2000). For each construct three independent tremsf lines were used. After 21 days and 8 weeks
nematode development was monitored by microscampection. For the resistance test in soil,
transgenic potato plants were transferred fiomwitro cultures and grown under greenhouse condition
for two months and then inoculated with 10.000 gagyspot ofG. pallida Rookmaker or D383. Three
and a half month after inoculation cysts were igaldrom the roots and counted.

Real time RT-PCR

Leaves ofN. benthamianawere infiltrated withAgrobacterium tumefacienggMOG101) carrying
constructs of interest. At 48 hours after inocolatieaves were collected and frozen in liquid géno.

For RNA extraction, 60 mg of leaf tissue was usedtlie isolation of total RNA with the RNeasy
Plant Mini Kit from Qiagen, including extra DNAseeatment. The total RNA concentration was
measured using a NanoDrop spectrophotometer (I3ageh all samples were adjusted to the same
concentration. For cDNA synthesis, Super Scrip{Iivitrogen) and random hexamer primers were
used. For real-time PCR reactions, primers weréggded for Gpa2 and Rx1 using the Beacon 4.0
software. Actin was used as a reference gene. dltoeving primers were used: Nb.actinF, Nb.actinR,
Gpa.LRR-F A, Gpa.LRR-R B, Rx.C-F, and Rx.D-R (Tahje The iQ SYBR Green Supermix (Bio-
Rad) was used in a reaction volume ofp2%7.5 ul water, 2x 1ul primer (5 mM), 3ul template, 12.5

ul Supermix). The annealing temperature for thenaatid Gpa.LRR primers was 64 °C and for the Rx
primers 63 °C. The applied PCR program was 98 @ faminutes followed by 50 cycles of 95 °C for
10 sec and 63°C for 20 sec and 70 °C for 30 sec.

Protein analysis
Total protein extract oA. tumefaciensransformed\. benthamiandeafs was made by grinding leaf
material in protein extraction buffer (50 mM Tris0% glycerol, 150 mM NaCl, 1 mM EDTA,
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20mg/ml polyclar-AT PVPP, 1 mg/ml PEFA bloc+, 5 miMIT) on ice. The soluble fraction was
analyzed by SDS-PAGE and subsequent visualisajigddoomassie Brilliant Blue staining or Western
blotting and protein detection with 1:5000 dilutdBP conjugated Rabbit polyclonal anti-GFP (Novus

Biologicals). HRP activity was visualised using tierce ECL substrate.

Table 1Primer, adapter and linker sequences

Primer / adapter /linker sequence 5’ > 3’

Fhi GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTGTTCATTTTCATACTGAGAG

Fh2 GGGGACCACTTTGTACAAGAAAGCTGGGTGGCTAGTCCTCAGACCAAC

5GpRxbn TTTTTGGATCCATGGCTTATGCTGCTGTTACTTCCC

Rxrev GATAGCGTCGACCACCTTAACTACTCGCTGCA

GpRxSturev CAAAGAAAGAAGGCCTAGGAGTAC

3CCNot GTGGTACCTTAAGCGGCCGCACCAACCATTATATTCTCGGGCTGC

5CFPsbn TCGACGGATCCATGGTGAGCAAGGGCGAGGAGCTGTTC

3CFP AGGTACCTTAGCTCATGACTGACTTGTAGAGCTCGTCCATGCCGAGAG

5nGFP CGGATCCATGGATGGTGAGCAAGGGCGAGGAG

5UTRkp TGGTACCTTCTGCAGCGAGTAGTTAAGGTGTTCTGAGGAC

3UTRrev CTTAATTAACCCGGGAGATTGAGGACTCCCAAGAAAGG

bRxAdelf GAGATTCACTATGTGCATCACCCAC

RxbnREV AGCATAAGCCATGGATCCAAAAAATAGAAATATCTCT

bGpaSnalf CAATTGTATACTTTCTTGCC

GPbnREV AGCATAAGCCATGGATCCAAAAAAAATAGAAATATCTCT

AD1 CGCGCCACCGGTTCTAGAT

AD2 CTAGAACCGGTGG

Gpa2LSFor TACGACCATGGATGGCTTATGCTGCTGTTAC

NBSeRev TGGTACCTTAAGAATTCATGTTTCGAGCTTCCCTCAAACAG

For-LRRrx-1 CTCGACATTATTGCGGCAAGAAGC

Rev-LRRrx-1 ATGAATTTTGTGAATGTTATCAGAGG

5UK3cp TCCATGGGCGGTGGAGTCATGAGCGCACCAGCTAGCACAACACAGCC

3UK3CP AGGTACCTGCGGTTATGGTGGTGGTAGAGTGACAACAGC

5HBcp TCCATGGGCGGTGGAGTCATGACTACGCCAGCCAACACCACTC

3HBCP AGGTACCTGCGGTTATGGTGGGGGTAGTGAGATAACAGC

L12for AGCTCTACAAGGGCGGCGGAAGTGGAGGCGGATCCGGGGGAGGGEATG

L12rev CTGCCTCCCCCGGATCCGCCTCCACTTCCGCCGCCCTTGTAG

Nb.actinF CCAGGTATTGCCGATAGAATG

Nb.actinR GAGGGAAGCCAAGATAGAGC

Gpa.LRR-F A GGTCCATACTCGTTATCTTTATCG

Gpa.LRR-R B TCATCTTCATCTTCATCTGTTGTC

Rx.C-F GACAACAGATGAAGATGATGATG

Rx.D-R CCTCAGAACACCTTAACTACTCC

mMYC1 GGCCGCTAGCGAGCAAAAGCTCATTAGTGAGGAAGACTTAGGTGAACABAGCTAATCTCT
GAAGAGGATCTTACTAGTTAAT

mMYC2 CTAGATTAACTAGTAAGATCCTCTTCAGAGATTAGCTTCTGTTCACCTAAGTCTTCCTCACTA
ATGAGCTTTTGCTCGCTAGC
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Chapter 4

Abstract

The resistance ger@pa2leads to a slow but highly specific nematode tasi in potato.
Cross sections of resistant potato roots challeng#d avirulentGlobodera pallidashowed
that the GpaZ2triggered response manifests in the degeneratfonells surrounding the
nematode feeding site — the syncytium. Due to fiinig of death cells, the syncytium is no
longer able to connect to the conductive tissuehm vascular cylinder. As a result the
syncytium slowly degenerates rendering an inadeqfladv of nutrients to the nematode. In
later stages of the infection, the remnants ofsyrecytium seem to be relocated outwards to
the root cortex by local hyperplasia in betweenvhscular cylinder and the syncytium. A
histological GUS assay further suggests specifiwrdeegulation ofGpa2 promoter activity

in and around syncytia by juveniles from a resistabreaking population, which may
contribute to the evasion or delay of the defeespanse. Furthermore, functional analysis of
truncatedGpa2transcripts indicated that both introns and 3'UdiR required for full R gene
function.

Introduction

Obligate endoparasitic nematodes are perfectlytadap a long life inside a host plant. The
second stage juveniles (J2) @foboderaspecies hatch from eggs to invade roots of a host
plant. Inside root tissue, the nematodes migrateagellularly until they select an initial
syncytial cell (ISC) (Endo 1964; Endo 1965). Th& Ificorporates neighboring cells and
develops into a syncytium, which is a multi-cellu@mplex produced through partial cell
wall dissolution and subsequent protoplast fusidhe nematodes gain access to the
nutritional resources from the plant via the synoyt (Endo 1978). Specific cellular features
of the feeding site such as a dense cytoplasrma@aedse in abundance of mitochondria and
rough ER suggest a high metabolic rate. Syncyg#lwalls abutting the xylem vessels are
thickened and covered with cell-wall ingrowths rating the intense fluid exchange between
the vascular system and the syncytium. Once a memdtas established a syncytium, it
becomes immobile and completely dependent on ¥irgglsyncytium as its sole food source.

Plant innate immunity consists of two levels of atefe responses, the basal (PAMP-
triggered) and host specific (effector-triggereatmune response (Jones and Dangl, 2006).
Both types of immunity are thought to be involvadpiant responses to parasitic nematodes,
but there is currently little experimental data plant immunity to nematodes available.
Nematodes are individuals that have adapted to lié@gnside a host, and which may have
evolved sophisticated means to suppress host intyaufio date, six genes conferring
resistance to cyst and root-knot nematodes have isekated, i.eHs1”* from beet (Cai et
al., 1997) Gpa2andGrol-4from potato (van der Vossen et al., 2000); Paal.¢2004),Mil
andHero Afrom tomato (Milligan et al., 1998), (Vos 1998; Etret al., 2002, and CaMi from
pepper (Rugang Chen 2007). Despite significant nteqgogress in cloning nematode
resistance genes, many aspects of disease resigmmaling in response to plant-parasitic
nematodes have remained elusive.

In most nematode-host plant combinations, the fepdite induction proceeds in a similar
way in both susceptible and resistant host pladst resistance is often manifested in a local
cell death in cells at the periphery of the inifeé¢ding cell, which inhibits further expansion
of the syncytium (Cabrera Poch 2006). As a resuftyncytium induced in a resistant plant
does not support the nematode to complete itclitde. However, the timing, the strength,
and the localization of the defense response vanssg nematode resistance genes ranging
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from a very rapid hypersensitive response in thé@alnfeeding cell mediated bi-1
(Williamson 1998) to a mild and late response likeHero A resistance (Sobczak et al.,
2005). In sugar beet plants with tHe1”* gene avirulent nematodes induce a syncytium, but
it develops abnormally and does not support neneatiesyelopment beyond the J2 stage (Cai
et al., 1997). FoHero A the Rhgl and Rhg4 genes abnormal syncytium development is
correlated with the degeneration of surroundindgsg@obczak et al., 2005; Concibido et al.,
2004; Lightfoot 2000). In cyst nematodes sex deiteation is epigenetically controlled and
males are formed under food limiting conditionsim@amnematode resistances therefore lead to
an increase in the number of males, while developnoé females appears reduced or
completely inhibited.

The resistance gergpa2 originates from the potatSolanumtuberosunssp.andigenaand
conditions a highly specific resistance to the @eint population of>. pallida D383, but not

to the resistance-breaking population Rookmaken flex Voort et al., 1997). THepa2gene

is highly similar to theRx1resistance gene against Potato Virus X (Bendahmagalk, 1999).
Both genes are located in a cluster along with teddil R gene homologues of unknown
specificity, in a region of approximately 115-kb #ite distal end of the short arm of
chromosome XIlI (Bakker et al., 2008pa2encodes a protein of 912 amino acids containing
a coiled-coil domain at the N-terminus followed @yucleotide-binding domain (NB-ARC)
and a leucine-rich repeat domain (LRR) (van derséaset al., 2000)Rx1 confers an
extremely fast and effective resistance to avituRwvX strains, while the resistance response
activated byGpaZ2to the avirulent nematodes develops over weeks.

The objective of this study was to gain more insighto the molecular and cellular
mechanism of the nematode resistance response tegkdig theGpa2 gene in potato. To
address this, we conducted a detailed histologinalysis ofnematode-induced changes in
Gpaz2resistant plants upon infection with avirulent ardistance-breaking populations@f
pallida. A promoter GUS assay was performed to studyGpa2 promoter in potato roots
following a challenge with both avirulent and veat nematode populations. Lastly, the
importance of introns and 3'UTR in ti&&pa2transcript mediated resistance was investigated.

Results

Gpa2 resistance is based on disconnection of the feedisite from the vascular tissue

To study the resistance response of@pa2gene we have monitored the establishment of a
feeding site by the avirulent population D383 inmgarison to the virulent resistance-
breaking population Rookmaker in the plant genotypid harboring theGpa2 gene.
Microscopic observations showed that pre-parasétondary juveniles of both avirulent and
virulent populations were able to recognize, peaitetthe roots of resistant potato plants, and
initiate a syncytium in a similar way. However, @went juveniles induced syncytia mainly in
cortical parenchyma cells, whereas virulent indmald also induced syncytia in other cell
types such as endodermis, pericycle, procambiumambium cells.

Cross sections of nematode-infected roots at 5 gagsinoculation (dpi) showed that at this
stage the syncytia had incorporated cortical pdrgmea, endodermis and pericycle cells.
Only a few J2s had initiated a syncytium inside \thscular bundle, but these syncytia were
relatively small and consisted of only pericycledarpro)cambium cells. Detailed

observations, using transmission electron microgcophowed essentially the same
morphological changes inside the initial syncyélments induced by virulent and avirulent
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nematodes. As the vacuolar system in the syncgils was rearranged, the numerous
plastids contained starch grains, and the nucléirarcleoli were enlarged and had irregular
shapes. Thin cell wall remnants between syncytehents were perforated. The intercellular
spaces included deposits of osmophilic material.

At seven days after inoculation the syncytia indulog avirulent nematodes were still largely
composed of cortical parenchyma and endodermas.cellbwever, a small proportion of
syncytia that had infiltrated the vascular cylinddso included cells derived from the
pericycle and (pro)cambium. Syncytia originatingnfr an initial syncytial cell inside the
vascular cylinder included only a few small cellghwpartly degenerated cytoplasm, which
were insulated by necrotic cells (data not shown).

Ten days after inoculation, syncytia establishedheyavirulent nematodes had grown further
toward the vascular cylinder in an attempt to cebhrthe vascular bundles (Fig. 1B).
However, in most of the samples, a layer of necrotlls had formed in between the
syncytium and vascular bundlgsurthermore, in the direct surrounding of the syicy a
high rate of pro-cambial cell divisions resultecam outward movement of the syncytium. No
necrotic cells were observed in material colleaéedhis time point from roots infected with
the resistance-breaking virulent population (Fid).1All the syncytia of the virulent
individuals had a well-established interface with kylem and the phloem bundles.

At fourteen days after inoculation the sequenceewdnts in theGpa2zmediated defense

responses resulted in two distinct phenotypeshénfitst type, the syncytium had infiltrated
the vascular cylinder, but never incorporated pmdmal cells in contact with phloem and

xylem bundles. In the second type, the syncytiuns \physically isolated from vascular

tissues by a layer of necrotic endodermal and pelaccells. At this stage, parenchyma cells
in close proximity to the deteriorating feedinges#xhibit hyperplasia, which induces an
outward movement of the syncytium (data not shov@ipser inspection of the cellular

changes with transmission electron microscopy fedethe disintegration of cytoplasm and
organelles in plant material typically associatethwell death.

At the same time point, the syncytia of resistanaking nematodes had further expanded
inside the vascular bundle, including extensivd walll ingrowths at the interfaces with
vascular tissues. The syncytial elements exhiletadnsive hypertrophy. The vacuoles inside
syncytium appeared to be replaced by many smaillolas of different sizes. The cytoplasm,
mitochondria, the ER and the Golgi apparatusespratiferated, and most of the plastids
contained starch grains. The nuclei and the nucleefte strongly enlarged and acquired
irregular shapes (data not shown).

At 21 and 28 days post inoculation, most of thewdent nematodes were arrested in second
or third juvenile stage, whereas the virulent n@daes had already molted into J4 or adult
males and females. Further disintegration of syacytas observed in roots infected with
avirulent nematodes, with a line of necrotic cebparating syncytia from the vascular
cylinder (Fig. 1C and D).
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Figure 1.

Ultrastructural response of potato roots possesSpaf gene to cyst nemato@®bodera pallida

A,C- Cross section through syncytium initiated bygniles from Rookmaker population 10 (A) and
28 (C) days post inoculation. Typical syncytium elepment for compatible potat®.pallida
interaction.

B,D- Cross section through syncytium initiated bygniles from D383 population 10 dpi (B) where
the first layer of necrotic cells is visible outsithe syncytium from the vascular bundle side.28 (
days post inoculation fast dividing hyperplastiiscerere pushing degradated syncytium towards the
outside of the root.

Table 2.

Construct Stably transgenic potato Hairy roots of potato
D383 Rookmaker D383 Rookmaker

35S::Gpa2 0.11 +£0.58 480 + 212 0+0 48.5 + 29

GPAIl::Gpa2 2+1.9 439 + 235 0.1 +£0.01 15.3+11.29

SH 8+4 316 £ 130 1+0.6 20.5+49

Line V 729 + 378 305 +55 426 +45 23.25+5.61

Results of nematode resistance assay on tranggetaito hairy roots in vitro and under the
greenhouse conditions. Numbers indicated femaléshwdeveloped on plant roots.
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GUS expression driven by the Gpa2-promoter is inhitbed by virulent nematodes

A genomic DNA fragment of 2.8 kb upstream of thartstodon of th&Gpa2was cloned to
study whether virulent nematodes break resistagceefulationGpa2 gene expression. To
first prove that the cloned promoter fragment ifficgent to regulateGpa2 expression, we
created two constructs in which tlpa2 coding sequence with introns was either expressed
from the CaMV 35S promoter (35S::Gpa2) or the putaiGpa2 promoter fragment
(GPAIl::Gpa2). Transgenic potato plants were geeédrawith both constructs and
subsequently challenged with avirulent nematodege$b for nematode resistance. Results
from stable transgenic plants in the greenhouseimmgrobacterium rhizogenesmduced
hairy roots expressing both constructs showed tiatcloned fragment is sufficient for
functional expression dbpa2 The GPAIl::Gpa2 expressing transgenic potatohanid/-roots

of potato both restricted development of aviruléntpallida D383 population in a similar
fashion as the wild type plants harboring thpa2 gene (SH) (Table 2). Next, the GPAII
promoter was fused to the GUS reporter gene angdiefor GUS expression in agro-
infiltrated leaves of Nicotiana benthamiana The cloned 2.8 kb promoter fragment
constitutively drove GUS expression following agifdtration (data not shown).

To study the spatial and temporal expression patiéthe Gpa2 gene in challenged
and non-challenged plants, we have tested potaty haot cultures expressing the GUS
reporter gene regulated by tligpa2 promoter (GPAII::GUS). The activity of th&pa2
promoter was assessed at 7 different time point3,(®, 7, 14, 21, and 28 days post infection)
following infection with the avirulents. pallida populationD383, the virulentG. pallida
populationRookmaker, and the virule@. rostochiensiéine 19.

In non-challenged roots tiBpa2 promoter was constitutively active in the stem and
leaves of potato. Roots of these plants showedssudispecific basal level of promoter
activity. Strong GUS expression was visible in ygyparts of the root, especially in the
region of the meristematic tissue, just behind ribat cap (Fig. 3A). Expression was also
present in the vascular cylinder of young roots amdhe lateral root primordia. Cross
sections of roots expressing GPAII::GUS showed thatstrongesGpa?2 promoter activity
occurred in cortical parenchyma cells, whereas tdexels were observed in pericyclic and
pro/cambial cells (Fig. 3B). No GUS expression oot in the root parts being in the
secondary state of growth.

Syncytial elements in young syncytia induced byepiles from the avirulent
nematode population D383 (3 dpi) revealed a strGtdfS activity as compared to cells
directly surrounding the syncytia. However, in ra@amples collected 5 and 7 days after
inoculation the level of GUS activity inside syneyhad decreased again, similar to that in
cells surrounding the syncytia (Fig. 3C). This wera®US activity in- and directly outside the
syncytium sustained until the last time point inr @eries (21 dpi). Thus, infection with
avirulent nematodes of potato plants harboringGpa2 promoter fused to GUS induces a
transient up-regulation of ti@pa2promoter.

In similar time series we only observed GUS attiun cortical parenchyma cells in
the direct vicinity of nematodes from the resisebeeaking G. pallida population
Rookmaker and from the virulent sister spedgsrostochiensist the onset of parasitism
GUS activity was only detected close to individudlat had not yet begun feeding. For later
stages we have not observed any GUS activity iaround syncytia induced by the virulent
Rookmaker population d&. rostochiensigFig. 3D). So, while avirulent nematodes induce a
transient up-regulation of th€&pa2 promoter fused to GUS in potato, virulent nemasode
induce a local suppression of the activity of @Gy@a2promoter.
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Figure 3.

Ultrastructural response of potato roots possessiagendogenous Gpa2 gene to infection with the
cyst nematodé&. pallida

A,C - Cross section through a syncytium initiated byepiles from the virulent Rookmaker
population at 10 (A) and 28 (C) days post inocalati

B,D - Cross section through a syncytium initiated bxepiles from the avirulent G. pallida population
D383 at 10 dpi (B), in which the first layer of metc cells is visible disconnecting the syncytium
from the vascular tissue. At 28 days post inocoite{D) fast dividing hyperplastic cells were pughin
the degenerated syncytium towards the outsideeofdat.

The tissue-specific expression®pa2indicates a tight regulation of its promoter ai¢yivio
unravel the possible regulatory mechanisms of phignoter activity, we scanned tigpa2
and the homologouRkx1l promoter for known regulatory elements. Severa-amting
elements were identified in the promoter and in3W&TR sequence. Regulatory sequences
and motifs recognized in the Gpa2 promoter poinbrgnothers at an involvement of plant
hormones in this regulation. Firstly, the ASF-1 ding site (TGACG) was identified at
position -2695. This motif is implicated in trangtional gene activation by auxin or salicylic
acid. Furthermore, a TGA element (AACGC), whiclalso an auxin-responsive element, was
found at position -1857. At position -2693 of th@a@ promoter there is a GADOWNAT
motif, which was identified from the promoters ablgerellin down-regulated genes (Ogawa
et al.,, 2003). Next, the WUN motif (TCATTACGAA), wound-responsive element was
identified at position -679 and TC-rich repeats TGTCTTAC) at position -141, which is
implicated in defense and stress responses. A WFBB§SAC), which is also present in the
Gpa2 promoter (position -2320 and -494), is idexttwith the one from the promoter of the
A. thalianaNPR1gene. This box is specifically recognized by sdilicacid-induced WRKY
DNA binding proteins. A WB box sequence (TTTGAT@uhd in parsleyWwRKYlgene
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promoter is also present in tli&a2 promoter at position -527. This motif is a WRKY1
protein binding site.

Gpa2-cDNA (2661) CATTCAAGACAACTATGGAAGCTCTATCGAGGTCCATACTCGTTATGHFFA--—---
Gpa2gDNA (2661) CATTCAAGACAACTATGGAAGCTCTATCGAGGTCCATACTCGTTAGTAAGACATCTTCTTCCTT
Gpa2-noUTR (2661) CATTCAAGACAACTATGGAAGCTCTATCGAGGTCCATACTCGTTAGTAAGACATCTTCTTCCTT

Intron |

Gpa2-cDNA (2712)
Gpa2gDNA (2731) GATTTACAACAATATTTAACTCATCATCATAGTAAACTCGATAATAGRCABTAGCTTTAGTAAGT
Gpa2-noUTR (2731) GATTTACAACAATATTTAACTCATCATCATAGTAAACTCGATAATAGRTABTAGCTTTAGTAAGT

Intron |

Gpa2-cDNA (2712)
Gpa2gDNA (2801) CAAATTGCACCAATTCAACAAAAGTTCTTGATGCTGTCATTGTGATGRNTICCTTCCAATATTGT
Gpa2-noUTR (2801)  CAAATTGCACCAATTCAACAAAAGTTCTTGATGCTGTCATTGTGATGRNTCCTTCCAATATTGT

Intron |
Gpa2-cDNA (2712)

Gpa2gDNA (2871) GTAACTTGTTATACTTGCATGTTCATTCTTGATTTTGGGAAGTGTARIZATTTTTCATCTTGATT
Gpa2-noUTR (2871) GTAACTTGTTATACTTGCATGTTCATTCTTGATTTTGGGAAGTGTARIPATT TTTCATCTTGATT

Intron |

Gpa2-cDNA (2712) -------- TCGAAATGGAGCATTTTTGGTATGS
Gpa2gDNA (2941) TTGGGAABCGAAATGGAGCATTTTTGGTABGACAACAGATGAAGATGATGATGATAGTGTGACAAC
Gpa2-noUTR (2941) TTGGGAABCGAAATGGAGCATTTTTGGTATGA

3'Untranslated region
Gpa2gDNA (3011) AGATGAAGATGAAGATGAAGACTTTGAGAAAG A GCTTCTTGCGGCAATAATGTGTAAGTTCTTATA
Gpa2gDNA (3081) CCTGCATGCTCATTCTTGCTATAATGTTCTCTTGICTTAATTATGGGACATCTAACATATTATTTTCC
Gpa2gDNA (3151) ATTTTTTGCATCTTTTTTTTTTCCTGCAGCGAGTBNTAAGGTGTTCTGAGGACTAGCCAGTTCTCTGAA
Gpa2gDNA (3221) ATAAATGTCAAATCAGAAGCCAAATGTGTGAGTGETTTTGTTCGTTTTCATTTTTTCTGCATAAGGT
Gpa2gDNA (3291) GGCAGGATGATTGCAAATGGCTTGTAATTTAATARGATGATATTTCGTATAGCCATTTGCCAGTGGTT
Gpa2gDNA (3361) TTTTAGATACTCCAAATTTTATGTACATACATAAIGTATAGGCCAGAACAGGCTCCATATATAACGTGT
Gpa2gDNA (3431) GTTTCCTTTCTTGGGAGTCCTCAATCTCCCGGBATTAACAATTCACTGGCCGTCGTTTTACAACGTC
Gpa2gDNA (3501) GTGACTGGGAAAACCCTGGCGTTACCCAACTIRATCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCG
Gpa2gDNA (3571) TAATAGCGAAGAGGCCCGCACCGATCGCCCTMBCBGTTGCGCAGCCTGAATGGCGAATGGCGCCTG
Gpa2gDNA (3641) ATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATACACCGCATATGGTGCACTCTCAGTACAATCT
Gpa2gDNA (3711) GCTCTGA

Figure 4.
Sequence alignment of the 3’ ends of the DNA caoietdrderived from th&pa2genomic sequence
and the cDNA sequence as described by Van der Yags2000.

Gpaz2-noUTR GP=2 stop
T
355 promoter Tnos terminator
Gpaz2-gDNA Gpaz s:n::p Rx1-stop

255 romoter EI T i T

GpaZ-stop Rx71-stop

Gpa2-cDNA
35S promoter CC | NB-ARC LRR o * Thos terminator

Figure 5.
Schematic overview dbpa2constructs used for potato transformation. Allingdsequences are
introduced between the CaMV 35S promoter apgdt&rmination sequence.
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3’ Un-translated region of Gpa2 and both introns are required for full Gpa2

functionality

To test whether the mature Gpa2 transcript lacking previously predicted introns is
sufficient for full nematode resistance both thaNéDsequence and corresponding genomic
DNA fragment ofGpa2 were cloned in the CaMV 35S expression cassétpBN+ (Van
der Vossen et al., 2000); (Fig. 4). We further reatbthe 3'-UTR from theGpa2 gDNA
construct (junction directly after the predict€&pa2 stop-codon) to study its effect on
nematode resistance (Fig. 5). The transgenic plamie challenged with the avirulent
population of G. pallida D383 and the virulent population Rookmaker. Rerablk
transgenic plants expressing tpa2 cDNA construct including its 3'UTR showed an
intermediate degree of nematode resistance (6-1 fadnales per plant for two independent
transgenic lines), while plants expressing the ggadNA fragment of Gpa2 without its
3'UTR were as susceptible to the nematodes from ahieulent population as plants
transformed with the empty pBIN expression vecti@-83 adult females per plant). Plants
expressing the full genom{@pa2fragments were used as resistant controls (nd &stubles
scored).

To investigate whether the current prediction & tBpa2 transcript is not the only
transcript required for complete resistance agaiestatodes, we scanned thpa2sequence
for possible other splicing variants. We used an NHNMene predictor to search for
alternatively spliced variants using the learniegssofS. lycopersicumA. thalianaand N.
tabaccum(Stanke and Waack, 2003). One of the predictedr(ative) transcripts based on
tomato was identical to th&pa2 potato transcript as published by van der Vosgeal.e
(2000). Furthermore, a second possible transcsitgutheN. tabacumntraining set showed a
read-through in the first intron, which resultedaim early stop codon and a nine amino acids
shorter protein. The variants @pa2 transcripts found with thé\. thaliana training set
suggest an alternative exon within the intron ljohhcauses a frame shift that leads to the
addition of an acidic tail similar to tiex1gene (Fig.7).

Phenotype Mean of adult D383
females
Gpa2gDNA Resistant 0x0
Gpa2cDNA cl.2 Semi-resistant 9.87 £2.9*
Gpa2cDNA cl.3 Semi-resistant 6.125 +1.64 **
Untransformed LV Susceptible 29 £5.958

Figure 4.
Results of nematode resistance assay in transgetato. Numbers indicated with the double asterisks
indicate that those numbers were significantlyedght from the controls (T-test).
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Gpa2cDNA (841) LERLFLSDCFYLDSIPRDFADITTLALIDIFRCQQSVGNSAKQIQQDIQDBISSIEVHT
A.tha 1 (841) LERLFLSDCFYLDSIPRDFADITTLALIDIFRCQQSVGNSAKQIQQDIQDBSSIE---

A.tha 4 (841) LERLFLSDCFYLDSIPRDFADITTLALIDIFRCQQSVGNSAKQIQQDIQDBISSIECNI
tobacco (841) LERLFLSDCFYLDSIPRDFADITTLALIDIFRCQQSVGNSAKQIQQDIQDBISSIEVHT

Gpa2cDNA (901) RYLYRNGAFLVV----mmmmmmmeeeee e
A.thal (898) --------- SKWSIFGSVTTDEDDDDSVT TDEDEDEDFEKEVASCGNNV-
A.tha 4 (901) SIFHLDFGKSKWSIFGSVTTDEDDDDSVT TDEDEDEDFEKEVASCGNNV-
Tobacco (901) RYL-----m-mmmmmmmmmmmmmeeee e

Rx1-stop
LRR
QIQQDIQDNYGSSIEVHTRY LYRNGAFLVV Rx1-stop
LRR Rx1
QIQQDIQDNYGSSIEVHTRHL------ FIPKSVTTVEDDDDSVTTDEDDDDDDFEKEVASCRNN ----- VE
Rx1-stop
I I e
QIQQDIQDNYGSSIE SKWSIFGSVTTDEDDDDSVTTDEDEDEDFEKEVASCGNN  V
Rx1-stop

S — I W e

CNISIFHLDFGKSKWSIFGSVTTDEDDDDSVTTDEDEDEDFEKEVASCGNN  V

QIQQDIQDNYGSSIE

Figure 5.

Alignments and schematic illustration of prediciédigrnatively spliced Gpa2 variants obtained from
the gene predictor HMM with learning setAnabidopsis(A. thall and 4) and iN. tobacum(tobacco)
with the Gpa2 cDNA.

Discussion

This chapter presents a detailed description ofifense responses in roots of potato plants
expressing thespa?2 resistance gene to the invasion of aviruléntpallida juveniles. Of
particular importance in th&pa2mediated cellular resistant reaction seems to lagex of
necrotic cells that separates the growing syncytitom the nutrient flow in the vascular
cylinder. This slow, but specific, response becorfiet notable around one week after
nematode inoculation despite the constitutive #gtof the Gpa2 promoter, as was shown in
un-infected plants. At a later stage (three wealst mfection) hyperplastic cells between the
syncytium and the vascular bundle pushed the symayaway from the vascular cylinder.
This is a unique rejection reaction, which has uo knowledge not been observed before. It
could be a part of thepa2mediated defense response or a secondary reaatiba presence
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of necrotic, dead cells in order to remove thenmfiportant parts of the root. Remarkably,
the Gpa2 promoter activity appears to be responsive togmes of avirulent individuals
during the first days of feeding from the syncytjum return to basal levels a few days after
inoculation. In contrast, th@pa2 promoter appears to be down-regulated (insideiractbse
proximity of the syncytium) by nematodes from theulent resistance-breaking Rookmaker
population, and by the virulent individuals fronetkister specieS. rostochiensis

Gpa2is a single dominant R gene which confers a raeeific, resistance t&. pallidain
potato plants. Juveniles of the resistance-breakagkmaker population are able to avoid
recognition by the Gpa2 protein and undergo theesa®velopment as is observed in
susceptible roots (Melillo 1990; Castelli et ab08). Histological analysis of infected potato
roots harboring th&pa?2 gene revealed that juveniles from the avirulentypagon of G.
pallida (D383) are able to enter, migrate inside the reois initiate a feeding site like the
virulent nematodes. This suggests t@atazmediated resistance is not caused by physical
changes in root morphology, which would make romtgpenetrable or unattractive for
juveniles. The same phenomenon was found in stwdibstomato plants carrying thdero
resistance gene (Sobczak et al., 2005).

The first ultrastructural differences between cetimsformed into a syncytium between roots
of a susceptible and a resistant plant are visiblg after 5-7 days post inoculation. It is much
later than it is known for other nematode R gerfem. example, the defense response
conditioned by thédero gene is observable already 2 days after root iomaand another 2
days later the syncytia were completely surrourtdedecrotic cells (Sobczak et al., 2005). In
roots carrying theHs1”** gene, the syncytia are also completely necrotiaedt dpi
(Holtmann et al., 2000). This difference in resgotimme suggests that there are at least two
distinct resistance mechanisms to parasitic neneatgérating in plants. The first type is
associated with a typical fast hypersensitive raspodemonstrated by a rapid cell death
inside young syncytia (Bleve-Zacheo et al., 1998ul8on 1972). The second type, mostly
described for cyst nematode infections, is oftdierred to as a “hypersensitive-like” or a
“delayed hypersensitive” response, because it appgbhen the syncytium is already well
established and it results in slow deterioratioraloanormal development of the feeding site
(Grymaszewska and Golinowski, 1998). To our suepnge observed that even for avirulent
nematodes a few syncytia were able to avoid oes$st the necrotic insulation, enabling their
development into a normal feeding site. A similaepomenon was observed for nematodes
developing on tomato plants withero gene (Sobczak et al., 2005). Because we used field
populations we cannot exclude that the D383 pojuaincludes a small proportion of
virulent genotypes.

For cyst nematodes, sex of juveniles is determamdenetically by the amount of food that
is available. Well-developed syncytia support teeedopment of adult females, whereas poor
developed syncytia result in nutrition limitatiosidl sufficient to support the development of
adult males. Hence, a bias towards male developmaiiserved. In case of a rapid defense
response, a complete reduction in the amount oéliesnis obtained, and a large number of
males will develop on the resistant roots. Thisakbed ,male-based resistance” is commonly
observed against cyst nematodes (Acedo 1984; Ri8B)1In a case of th&pa2response,
the syncytium development is arrested in a lategestafter the nematode sex is determined.
As a result, we observed no increase in numberadésnn comparison to susceptible plants
(data not shown), but aberrant translucent femajgseared on the roots of Gpa2 resistant
potato roots either due to starvation or to lackeofilization. Some females, however, were
able to develop normally on roots of resistant otApparently, in these cases tGpa2
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mediated response is too slow to mount an effecgponse. It will be interesting to see
whether this phenotype can be explained by a @iioael between the site of syncytium
induction and the efficacy of the resistance respon

R genes are believed to be constitutively expressg@dants in the absence of the pathogen,
for example theMi-1 gene (Milligan et al., 1998). TH&pa2 promoter was active in the root
tips and in the cortex, what corresponds with tha mvasion strategy @. pallida The pre-
parasitic juveniles penetrate the roots preferbytinear the tips in the region of the
elongation and differentiation zone. As describbdva, execution of the defense response
mediated by th&pa2gene depends on the location of the initial syiatgell selected by the
parasitic juveniles. A similar correlation was atgwwn for the tomatb2 gene, which site of
activity corresponds with the site of fungal contaent (Mes 2000). R gene expression is
often triggered upon pathogen infection as shownXal, Xa21, Pib and Pi-ta in rice
(Yoshimura et al., 1998; Century 1999; Wang et2001). For example, a basal levelNf
gene transcript was detected in uninfected tomkaiotp and this level increased significantly
after plants were challenged with tobacco mosaigsviLevy et al., 2004). A similar response
was observed for beet cyst nematodes, which indboet a 4-fold increase in tés1*
transcript levels one day after nematode inocutafithurau et al., 2003). Similarly, the up-
regulation of tomatdiero gene durings. rostochiensisnfection was quantified in roots of
resistant tomato (Sobczak et al., 2005). Gpa2 we have found a local, transient increase of
GUS staining inside young syncytia (less than 3sylawitiated by individuals from the
avirulentG. pallidapopulation suggesting a similar early increastanscriptional activity of
theGpa2gene.

Remarkably, no such increase@pa2 promoter activity was observed in case of infattio
with virulent nematodes. This suggests that viruleematode have an ability to down-
regulate the activity of th&€pa2promoter in syncytia and their surroundings betwtbe first

5 days (in case of Rookmaker) and 7-14 days (ie ©d$5. rostochiensi)s This ability is
apparently missing or less effective for the a@ntlpopulation as the promoter is still active
in samples collected 14 days post infection. Weewarable to quantify this effect using real
time RT-PCR on RNA extracted from root segmentsbably due to the fact that this
suppression effect was restricted to syncytial eleisiand therefore undetectable when root
segments were used for RNA extraction. Furthermtrs, phenomenon was detected in
susceptible transgenic plants harboring the Gpagpter GUS fusion construct and it will be
interesting to study changes in promoter activityairesistant background in the presence of
theGpa2gene.

Very little is known about the transcriptional régfion of nematode resistance genes.
However, the tissue-specific expression and a lotakease upon infection with avirulent
nematodes indicate th&pa2 promoter activity is tightly regulated in plantgarious cis-
acting elements identified in the promoter pointhat involvement of transcription factors and
plant hormones in the expression Gpa2 A role for transcription factors in nematode
resistance is reported for the WRKY transcriptiactbrs (6, 61 and 72-like) that are
specifically up-regulated during the incompatibhteraction between root knot nematodes
and tomato, whereas others (3, 23, 33-like) areaegpiated in both compatible and
incompatible situation (Bhattarai et al., 2008).efiéh is ample support for a role of plant
hormones in feeding site development in compatibteractions (Wubben et al., 2008),
(Engler et al., 2005). Possibly, plants have ubselfeature of nematode-plant interactions to
regulate the expression of nematode R genes.wWasitshown that a local increase of auxin in
the feeding site is indispensable for syncytiunalsghment and development (Goverse et al.,
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2000; Engler et al., 2005), auxin regulated R gexpression would provide a specific means
to regulate the plant’'s defense system upon inmaljoendoparasitic nematodes. Recently,
salicylic acid signaling was found to be importamtMi-1-mediated resistance to root knot
nematodes and aphids (Branch et al., 2004A.imhizogenesnduced tomato hairy roots.
Whether plant hormones are involved in transcrifgloactivation of theGpa2 gene needs
further investigation.

The occurrence of alternatively spliced and trueddtanscripts was reported for a few NB-
LRR genes. However, their requirement in plant degeis not fully resolved (reviewed
recently in Gassmann 2008). For example Nfgene encodes two transcripts; ahd N via
alternative splicing of the alternative exon preésanntron Il and presence of both variants
only conferred a full TMV resistance (Dinesh-Kumand Baker, 2000). Also, for the
Arabidopsis RPS4gene the removal of just one of the introns abelisR gene functionality,
but the function of an intron-deprived transgenes wamplemented by the presence of a
second, differently truncateBPS4transgene (Zhang and Gassmann, 2003). Surprisingly
when cDNA ofRPS4gene was overexpressed in tobacco, the hypensensiisponse was
induced in the presence of avrRPS4 (Zhang et @042 what can point at the quantitative
nature of R gene mediated defense. In contrasideeaexamples, intronleg$ showed a full
resistance (Ayliffe et al., 1999). Interestinglgr fthe RPS4gene apparently the expression
level is an additional determinant of transcriptdtionality. The same splicing variant can be
efficient in recognizing AvrRPS4 when overexpresgedobacco leaves, but not in stable
transformants ofArabidopsis(Zhang et al., 2004).

Until now, we have collected several lines of enckeindirectly supporting the occurrence of
alternative splicing for thé&pa2 gene. First of all, the intronlesSpa2 cDNA construct
conferred an intermediate resistance to nematodegotato, which may point that the
predicted Gpa2 transcript is not the only one required in nematodsistance. Not only
removing the intron sequence abolished@pa2 functionality, but also the construct with the
first intron present but lacking a native Gpa2 3RJTegion (after the predicted stop codon)
was not able to confer a nematode resistance msdemic potato. Additional indications for
alternative splicing at the 3’ end &pa2 came from our unsuccessful immunodetection of
HA, STREP, MYC or GFP tag fusions at the carboxyaiaus (data not shown). To obtain
additional support, we have predictadsilico variants of the Gpa2 transcripts and future
work should confirm whether these putative variants functional. However, the previously
done RACE experiments on potato root and leave Esngjod not result in the finding of any
alternatively spliced transcript (van der Vosseralet 2000). These studies were made on
unchallenged plants what might explain negativeultes On the top of that the Gpa2
transcript is present at the low level in potatotsorestricted to root tips and cortex and the
other variants may remain undetectable. Taking adcount that the nematode infection is
difficult to synchronize and is restricted to aglenfeeding site the future work on dynamics
of Gpa2expression remains a challenge.
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Materials & Methods

DNA constructs

The Gpa2promoter region was constructed in two steps. Ainst region between the BstZ171 (Snal)
site (-2744 bp) and the startcodon was amplifieifipBINRGC2 using the primers bGpaSnalf (5'-
CAA TTG TAT ACT TTC TTG CC-3') and GPbnREV (5-AGETA AGC CAT GGA TCC AAA
AAA AAT AGA AAT ATC TCT-3"). In a second step, thiBstZ17I-Ncol fragment was cloned
alongside the 720 bp Pacl-BstZ17I fragment of pBiliiRfused to a Pacl-Ascl adapter consisting of
AD1 (5-CGC GCC ACC GGT TCT AGA T-3) and AD2 (5T GAA CCG GTG G-3), into the
pPUCAPYFP with Gpa2 3'UTR after digestion with Addtol.

For Gpa2expression under the control of the double enha@ddV 35S promoter and Tnos
terminator, the proximal end was amplified from NBIGC2 (van der Vossen, van der Voort et al.,
2000) with the primers 5GpRxbn and GpRxSturev (BACAGA AAG AAG GCC TAG GAG TAC)
to generate a Ncol-Avrll fragment, which was clorntedether with an Avrll-Pstl fragment from
pPBINRGC?2 into the Ncol-Pstl digested pUCAPRx1. Eapression under control of the endogenous
promoter, first the YFP reporter gene was amplitigdPCR using the primers 5CFPsbn (5'- TCG
ACG GAT CCA TGG TGA GCA AGG GCG AGG AGC TGT TC-3nd 3CFPsrk (5-AGG TAC
CTT AGC TCA TGA CTG ACT TGT AGA GCT CGT CCA TGC CGB/AG-3) and cloned as
Ncol-Kpnl fragment in the vector pUCAP, resulting the vector pUCAPYFP. Th&pa2 3'UTR
(transcription termination) region was amplifieerfr pBINRGC2 using the primers 5UTRkp and
3UTRrev for cloning in the Kpnl-Pacl sites of pUCAIPP, replacing Tnos.

Total RNA was extracted fromNicotiana benthamianaleaves infiltrated with
GPAIl::Gpa2gDNA. cDNA was prepared using Superddtip(Invitrogen) and use as a template for
PCR with 5GpEx (CCTCCAACTGATGTTCCAACTTTC) forward and GpUNI
(5’CCTGAGGTACCTAGCTAGCCAGGACCAGCGGCCGCTCCCACTACCAMMTGCTCCAT
TTCGA) reverse primer. The reverse primer was chesigto introduce adapter sequences for future
affinity tag fusions. The PCR product which covére C-terminal part of th&pa2 transcript was
cloned into Topo 2.1 vector (Invitrogen) and seaueeh The correct clone was digested with Acclll
and Kpnl restriction enzymes and ligated togethiéin W terminalGpaZ2transcript fragment (as Ncol-
BspEl restriction) into the pGPAII (containirigpa2 promoter sequence) vector open with Ncol and
Kpnl enzymes, what result in pGPAII::Gpa2cDNA caust. Fragment coverinGpa2 promoter and
transcript sequence was transferred into the pBIary vector as Ascl-Pacl fragment.

The B-glucuronidase reporter gene (GUS) was amplifieth wpecially designed primers to
introduce Ncol and Pstl restriction sites at tha®d 3’ ends. The GUS gene was introduced as Ncol-
Pstl fragment into the pRAP vector, under contfoCaMV 35S promoter and Tnos terminator, to
check if the GUS gene is functional. Afterwards #ane fragment was used for cloning into the
pGPAII vector, which contains the endogenous premof the Gpa2 gene, and its 3'UTBpa2
termination). The insert was digested from themidausing the unique restriction sites Ascl andiPac
and cloned into the binary vector pBIN+.

Agrobacterium transient transfection assay (ATTA)

To test the function of created constructs, we ws&dnsient expression system datumefacieng

N. benthamiandeaves (Hood et al., 1993Agrobacteriumcells were inoculated into 5ml YEB
medium with rifampicin (25 mg/l) and kanamycin (8®/1) and incubated 20 h at 28°C and 250 rpm
in a shaker. Part of the overnight culture was liteted into YEBI (1Qul acetosyringone 200mM per
100 ml and 10 mM MES +Kan. 50 mg/l) and grown uintie OD600 was between 0.5 and 1.5. Cells
were centrifuged and resuspended in MMAI mediuninttuce competence to transfer DNA. This
suspension was used for infiltratifd, benthamiandeaves. Infiltration was done with a syringe
without a needle on the lower surface of the leaf.

Hairy root cultures of potato

Potato (line V) plants growm vitro were used for transformation with rhizogenesOne cm long
stem pieces were cut and placed on callus induniedium (CIM) and incubated 4 days in a growth
chamber at 24°C in the dakk. rhizogenescarrying binary constructs of interest, were gnowMYA
medium (Rif. 25 mg/l, Kan. 100mg/l). Infection stiins were made in liquid SM medium with a
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final concentration of OD600 = 0.1. Stem pieceseniacubated in the infection solution for 5 min,
transferred to solidified SM and cocultivated foda@ys in a growth chamber at 24°C in the dark. Next
stem pieces were washed in SM medium (containimnigecdcillin 500 mg/l) and incubated on plates
with SM medium (Carb. 500 mg/l and vancomycin 10@/nto eliminateA. rhizogenesAbout 10
days postA. rhizogenesnfection, hairy roots started to appear from catlithe cutting edges. After
another week, roots were cut and transferred toy mabdt elongation medium with selection factors
(Kan. 100 mg/l and Carb. 500 mg/l).

Nematode infection assays

Transgenic and wild type plants of the diploid potalone Solanum tuberosussp tuberosuniine V
were used for nematode infection tests with theufadiwnsGlobodera pallidaD383 and Rookmaker,
andG. rostochiensidine19. Forin vitro assays hatched second-stage juveniles were sstidiezed

as described by Goverse et al., (2000). Aroundja@éniles were inoculated on the roots of a single
plant. For greenhouse assays, around 1000 eggdmeerdated on roots of plants grown in a separate
pot filled with sterile sandy soil (Martin W. Gane995).

B-glucuronidase assay (GUS assay)

A histochemical GUS-assay was used for the propércson of transgenic roots, and also for
monitoring GUS expression in infected and non-itddlant tissues. The same procedure was used
for leaves and roots. Plant material was coverdd agsay buffer (0.1 M phosphate buffer, pH7.0,
Triton X-100, 0.1% + X-Gluc, 0.3 mg/ml) in a Pedish. To allow a good penetration of tissue with
assay buffer, samples were infiltrated with vacyt800 mbar for 1 min). Samples were incubated for
6 h in case of roots, and overnight for leaves78C3 Additionally, leaf samples were discoloredhwit
96 % ethanol for 72 hours at 4°C.

Microscopic analysis

Hairy roots of transgenic potato were grown onyhaiot elongation (de Greef & Jacobs) medium.
Root samples were collected manually at 0, 5, 7,214and 28 days post nematode infection. They
were fixed, osmicated, dehydrated in ethanol areloae, and embedded in epoxy resin (Fluka) as
described by (Golinowski, Grundler et al., 1996nfhin (2um thick) and ultrathin (70 to 80 nm
thick) sections were cut with glass and diamondvésy respectively, using a Leica UCT
ultramiscrotome (Leica, Bensheim, Germany). Uliratbections were collected on formvar coated
100-mesh copper grids and stained for 4 min wisatarated 50 % ethanol solution of uranyl acetate,
followed by 6 min of staining with an aqueous siolotof lead citrate. The sections were examined
using FEI 268D “Morgagni” transmission electron roscope
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Chapter 5

SUMMARY

Plant NB-LRR proteins confer robust protection agaimicrobes and metazoan
parasites by recognizing pathogen-derived avirddAwr) proteins that are delivered
to the host cytoplasm. Microbial Avr proteins ugpéunction as virulence factors in
compatible interactions, however little is knowroabthe types of metazoan proteins
recognized by NB-LRR proteins and their relatiopshith virulence. In this report,
we demonstrate that the secreted protein RBP-1 filoen potato cyst nematode
Globodera pallida elicits defense responses, including cell deatpicy of a
hypersensitive response (HR), through the NB-LR&gin Gpa2.Gp-Rbp-1variants
from G. pallida populations both virulent and avirulent@pa2 demonstrated a high
degree of polymorphism, with positive selectionedétd at numerous sites. Alp-
RBP-1 protein variants from an avirulent populatimere recognized by Gpa2,
whereas virulent populations posses§&@RBP-1 protein variants both recognized
and non-recognized by Gpa2. RecognitionG-RBP-1 by Gpa2 correlated to a
single amino acid polymorphism at position 187 lie Gp-RBP-1 SPRY domain.
Gp-RBP-1 expressed from Potato virus X elicited Gpestliated defenses that
required Ran GTPase-activating protein 2 (RanGAB2protein known to interact
with the Gpa2 N terminus. Tethering RanGAP2 &m@RBP-1 variants via fusion
proteins resulted in an enhancement of Gpa2-metratponses. However, activation
of Gpa2 was still dependent on the recognition ifipgg conferred by amino acid
187 and the Gpa2 LRR domain. These results suggesd-tiered process wherein
RanGAP2 mediates an initial interaction with pagmogleliveredsp-RBP-1 proteins
but where the Gpa2 LRR determines which of thetszantions will be productive.

Abbreviations: ARC, Apaf-1, R protein and CED4; Avr, avirulen€&C, coiled-coill;
CP, coat protein; ETI, effector-triggered immunibR, hypersensitive response; 1B,
immunoblot; IP, immunoprecipitation; LRR, leucinekr repeat; NB, nucleotide-
binding; Pa, pathotype; PAML, phylogenetic analybig maximum likelihood;
PAMP, pathogen-associated molecular pattern; PRMIP-triggered immunity;
PVX, potato virus X; R, resistance; SEC, size esicn chromatography; SPRY,
SPla and RYanodine receptor; TRV tobacco rattlesyi¥IGS, virus-induced gene
silencing.
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Introduction

Gene-for-gene resistance in plants is defined byirniteraction between the products
of dominant plant resistancB)(genes and corresponding avirulender] genes that
are often specific to a particular pathogen isoateace [1]. Recognition of Avr
proteins by R proteins triggers a defense resptradimits infection, and may lead
to a characteristic cell death response referret tihe hypersensitive response (HR).
In the absence of recognition by a cognate hostd®eim, Avr proteins often play a
role in pathogen virulence by subverting basal mefe mechanisms, and in this
context are referred to as pathogen effector prste].

A variety of plantR genes have been identified, conferring resistdonca
broad spectrum of biotrophic pathogens includingtdr@a, fungi, oomycete, viruses,
and arthropods [3]. The most numerous typ& genes encode intracellular proteins
with nucleotide-binding (NB) and leucine-rich repdaRR) domains, collectively
referred to as NB-LRR proteins. Two structuralljfedent classes of NB-LRR
proteins exist that encode N-terminal domains wigither share homology with the
Toll/Interleukin-1_FReceptor (TIR) cytoplasmic domain (TIR-NB-LRR classhave a
less conserved domain with a predicted coiled-o) structure in some members
(CC-NB-LRR class).

Identification of pathogen-encoded Avr proteinsnirdacterial, viral, fungal
and oomycete plant pathogens has yielded a renlarkstoof proteins that elicit NB-
LRR-mediated resistance [2,4]. Some Avr-encodingnege show hallmarks of
selection pressure, manifested as sequence digati&ih or gene deletions that have
allowed escape from host detection and signifylng évolutionary contest between
plants and their pathogens [5]. Avr proteins recogmh by NB-LRR proteins show
little structural commonality except that they arther synthesized in (in the case of
viruses), or delivered to the host cytoplasm byiower microbial protein delivery
systems. In the absence of a cognate R proteiat Ao proteins are thought to act
as effector proteins to enhance pathogen virulemogeed, it has been suggested that
NB-LRR proteins have evolved to “guard” cellulargets of effectors by responding
to their alteration [1]. Alternatively, the decoyodel suggests that NB-LRR proteins
might recognize effectors not by interacting witihulence targetgper se but with
proteins that simply resemble effector targets A&}. genes from microbial pathogens
have traditionally been identified by genetic agmtoes. Genetic identification of Avr
genes from metazoan parasites has been challengmegever, owing to the
complexity of their genomes and life cycles, angdaacity of genetically tractable
model organisms. This hindrance is particularlytador plant parasitic nematodes.
Alternatively, Avr candidates can be discoveredilst identifying proteins likely to
act as effector proteins and testing their propgrsi be recognized by a given R
protein [7].

Cyst nematodes of the gen@soboderaare obligate plant parasites, spending
the majority of their life cycle within roots. Tée nematodes develop an intimate
relationship with their hosvia the induction of a complex feeding site structure,
known as the syncytium, in the vascular cylindethef potato roots. Cyst nematodes
produce an assortment of parasitism proteins irerotd infect plants, which in
principle can be thought of as being analogous ftectr proteins of microbial
pathogens [8,9]. These proteins are synthesizédeimesophageal glands (two sub-
ventral and one dorsal) and some of these aret@gento the host cytoplasm using a
specialized structure called the oral stylet. Batlst range specificity and suppression
of host plant resistance are thought to be comeilolly nematode effector proteins
[10]. Many putative nematode effector proteinsenbeen identified by virtue of their
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possession of a protein sorting signal for exttatal secretion and expression in the
esophageal gland [8]. To date, however, there areumambiguous reports of
nematode effector proteins that also elicit deferesponses by specific NB-LRR
proteins.

Use of plant nematode resistance genes is an igbeahd environmentally
safe method to manage these parasites. Four neeratgdnes encoding NB-LRR
proteins have been identified 8olanaceouspecies [11].Gpa2is a potato gene that
encodes a CC-NB-LRR protein and confers resistageenst two field populations
(D383 and D372) of. pallida [12,13,14]. InGpa2expressing potatoes, nematodes
penetrate roots, start the initiation of their fiegdsite and become sedentary.
However, the tissue surrounding the developingifegdite subsequently becomes
necrotic and collapses, suggesting the elicitatioan HR. Gpa2is closely related to
the Rx and Rx2 genes, which confer resistance to Potato VirusPXX), through
recognition of the viral coat protein (CP). Rx ftino is dependent on Ran GTPase-
activating protein 2 (RanGAP2), a protein shownnteract with the N-terminal CC
domains of Rx, Rx2 and Gpa2 [15,16]. Domain swapeerents have shown that
the N-terminal halves of the Rx and Gpa2 protenesiterchangeable for mediating
HR responses in response to the PVX CP wheread Rt domain determines
recognition specificity [17].

In this report, we used a candidate gene appraat#st the possibility that the
G. pallidaRBP-1 protein may possess avirulence activity tadwa&pa2. Gp-RBP-1
possesses a secretion signal peptide, is expreasskeeG. pallida dorsal esophageal
gland, and is most closely related to a family adt@ins fromG. rostochiensisthe
secreted SPRY domain (SPRYSEC) proteins, which baea shown to be present in
stylet secretions [18,19,20]. RBP-1 and SPRY SHEseprs possess a SPRY domain
that most closely resembles the Ran GTPase-asstd@abdtein, Ran-Binding Protein
in the Microtubule-organizing center (RanBPM) [19, multi-domain protein
conserved in most eukaryotes [21,22]. The SPRY dom&Gp-RBP-1 is part of a
B30.2 domain, an extended domain structure conmgrisiRY and SPRY subunits
[18]. We show thatGp-RBP-1 variants are highly variable within and betw
populations and appear to be under diversifyingedieln, with maintenance of
avirulent (recognized by GpaZp-RBP-1 variants in populations not controlled by
Gpa2. We also present data suggesting that rdcmymof Gp-RBP-1 by Gpa2 is
mediated by an initial interaction with RanGAP2 hhbat the Gpa2 LRR domain
determines whichGp-RBP-1 result in activation of Gpa2. Implication®r f
mechanisms of recognition and selective pressurasematode effector proteins are
discussed.

RESULTS

Identification of a G. pallida AvrGpa2 candidate

One of the hallmarks of Avr recognition by NB-LRRfeins is the induction
of an HR when both proteins are present in the sathe As such, we tested whether
Gp-RBP-1 could induce a Gpa2-dependent HR in a teahgxpression assay. @p-
Rbp-1cDNA derived fromG. pallida pathotype (Pa-) 2/3 population Chavornay was
cloned into the binary vector pBIN61 under conwblthe cauliflower mosaic virus
35S promoter as a C-terminal HA-tagged EGFP fu$epRBP-1:EGFP:HA), but
lacking its secretion signal peptide. This proteias transiently co-expressed with
Gpa2driven by theRx genomic promoter usinggrobacteriummediated expression
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(agroinfiltration) inN. benthamiandeaves. Gp-RBP-1.EGFP:HA elicited an HR in
the infiltration patch within three to four daysidbre 1A). An equivalent fusion
protein with a SPRYSEC homolog fronslobodera rostochiensiqGr-RBP-
1:EGFP:HA) [18,20], did not elicit Gpa2-mediated Hfor did the control proteins
EGFP:HA or the coat protein (CP) from potato viuPVX). Rx and Rx2 were also
tested for recognition oGp-RBP-1:EGFP:HA, but both NB-LRR proteins showed
strict specificity for the PVX CP (Figure 1A). NdR was induced when the native
secretion signal peptide sequence was retain€giRBP-1 (Figure 1B), likely due to
its secretion from the plant cell. Untaggé@-RBP-1 also induced a Gpa2-specific
HR, indicating that recognition by Gpa2 was not atifact of the EFGP fusion
protein (Figure 1B). These results indicate that Gpa2 protein has the capacity to
recognizeGp-RBP-1, which in turn induces a typical diseaséstasce response.

A

gg'FRPE?E:: "N Gp-(SP)RBP-1:
' EGFP:HA
Gp-(SP)RBP-1 Gp-RBP-1
Figure 1.

Gp-RBP-1 induces a Gpa2-mediated HR\igotiana benthamiankeaves.

A - HA-tagged Rx and Rx2, or untagged Gpa2 driverih®Rx promoter were transiently
expressed bia agro-expression in wild-tyNe benthamianaleaves together with 35S
promoter-driven PVX CP or &. pallida RBP-1 protein cloned from the population
Chavornay (Chav-1) fused to a C-terminal EGFP fusemd epitope tag (EGFP:HA).
EGFP:HA and &. rostochiensifRBP-1: EGFP:HA fusion were included as contraRs
were observed within 2 to 3 days of ago-expression.

B - Tagged and untagged versionsG-RBP-1 were also tested that included the 23 amino
acid secretion signal peptide (SP) from the predidull-length Gp-RBP-1 protein Gp-
(SP)RBP-1 andsp-(SP)RBP-1:.GFP:HA]. HRs were observed within 23talays of ago-
expression.
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Gp-Rbp-1 is highly polymorphic and subject to diversifyingselection

To investigateGp-Rbp-1genetic diversity, we analyzed a number of addaion
sequences from sevel@l pallida populations including some from the native range
of this parasite (Peru), as well as from two segasrfrom the very closely related
speciesGlobodera mexicanavhich differs in host range fro@. pallida (Figure S1).
RBP-1 homologues possess an N-terminal secretijpralspeptide (SP) followed by a
B30.2 domain which is comprised of juxtaposed PRM &PRY domains [18,23].
All of the Gp-RBP-1 variants were found to possess an additiowear-perfect repeat
of the PRY domain immediately N-terminal to the BBB8omain, whereas all variants
identified to date frons. mexicangpossess only a single PRY domain (Figures 2, 3,
S1 and S2). The mean genetic distance observe@®re®. pallidaandG. mexicana
sequences was 0.07 (K2P model), but this genestarttie increased to 0.37 when
comparingG. pallida, and G. mexicanaRbp-1 sequences to th&. rostochiensis
protein, SPRYSEC-19, most closely related to RBPt9]. These observations
strongly suggest that none of te rostochiensisequences identified to date [19]
correspond to a direct orthologue of tAp-Rbp-1sequences investigated herein.

At the intraspecific level, the Europedd. pallida populations Chavornay
[CH], Rookmaker [NL], D383 [NL], Guiclan [FR] anduRekohe [NZ] demonstrated
a mean genetic distance of 0.008 (K2P model), wimttusion of four additional
Peruvian G. pallida populations (GPS4, GPS7, GPS9 and GPS10), repiragen
different pathotypes and belonging to three offihe clades described f@s. pallida
in Peru [24], increased the mean genetic distand®@d18 for the entir&p-RBP-1
sequence dataset. This is consistent with thectapen of reduced heterogeneity in
European populations that have likely been subjecia founder effect during
importation in comparison to the populations ergtin the native area of this
nematode [25]. When examining the number of végialtes in our alignment, we
found 86 out of 855 nucleotides had at least oristgution within the entireG.
pallida data set and 67.5% of them resulted in non-synoogmmutations.

To better understand the different selective cam#s acting orGp-RBP-1,
we carried out complementary evolutionary analy$gs evaluating the non-
synonymous to synonymous substitution rates perusiing the SLAC, REL and FEL
maximum likelihood methods implemented in HYPHY J26 well as the CODEML
program (M1 vs M2 and M7 vs M8) of the PAML packd@&,28]. These models
assume variable selective pressures among sitesobwariation among branches in
the phylogeny. The PAML M8 and M2 models of pastselection appeared to be
significantly (p < 0.001) better adapted to theadsdt (Table S1A) showing that RBP-
1 has indeed been subjected to positive seledtiguie 2). Ten sites were identified
by both the M2 and M8 models but only three of th€tB, 102 and 187) were
detected with posterior probabilities > 95%. THeAS, REL and FEL methods
however, detected position 23 as a negatively saesite (data not shown). When
comparing PAML to HYPHY results, four sites (59,911174 and 187) came up as
supported by at least two different methods (TdlBg but the most noticeable site
under positive selection was at residue 187, wikctietected by all methods with
strong statistical values.

In order to obtain insights into the impact of thander event on the selective
constraints acting ornGp-RBP-1, we tested the M8 model on a data subset
corresponding only to sequences from indigenousviRkarG. pallida populations and
studied the distribution of the Ka/Ks ratio alorfge tRBP-1 amino acid sequence
(Figure 2). Using the Peruvian data subset, thdsitional sites (59, 106, and 202),
previously detected using the entire data setwbtht posterior probabilities < 95%
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(Table 1A), were now significantly (posterior prdiddaies > 95%) detected as under
positive selection. The higher variability observadhong PeruvianG. pallida
populations correlated to a higher number of sitegler positive selection.
Distribution of the Ka/Ks ratio along the proteiegsience revealed a continuous
distribution of sites under positive selection gothe protein sequence. After
alignment ofGp-RBP-1 with SPRYSEC-19 [21], it appeared that ttokthe PAML
sites found under positive selection localize ie BPRYSEC predicted extended
loops that shape the surface A of the SPRY donkagufe 2).

A
& I B30.2 Domain
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Figure 2.

Distribution of the Ka/Ks ratio along the RBP-1 amiacid sequence.

Analyses were conducted using the codeml modulAdL on the full data set d&. pallida
andG. mexicanasequencesA) or on a subset corresponding to the sequencamettfrom
the four PeruviarG. pallida populations plus th&. mexicanasequencesB). Amino acid
variants found to be subjected to positive selactidth posterior probability >95% are
indicated above each site. Sequence portions pamesg to the SPRYSEC extended loops
in the B30.2 protein structure are highlighted inkp The entire B30.2 domain is indicated
by a bar above the graph, with the region contgitie duplicated PRY domains indicated by
double bars.
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Chav-1 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRIMIVEYTKADW. . .. ...0vvvunn. ACDTCLTLSETERQLMIVEYTKADWGC
Chav-2 SPKPNKKVVKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRLMIVEYTKADW. . .. ..vvvvvnn.. ACDTCLTLSETER . LMIAENTKADWGC
Chav-3 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSEAERRIMIVEYTKADW. . ... .......... ACDTCLTLSETER . LMIAENTKADWGC
Chav-4 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRIMIVEYTKADW. . ............. ACDPCLTLSETER . LMIAENTEGDWGC
Chav-5 SPKPNKKVVKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRIMIVEYTKADW. . .. ...0vvvunn. ACDTCLTLSETER . LMIAEHTKADWGC
Chav-6 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRLMIVEYTKADWGKYYGLTLONQWNPEACDTCLTLSETGRRLMIVEYTKADWGC
Chav-7 SPKPNKKVVKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRLMIVEYTKADW. . .. ..vvvvvnn.. ACDTCLTLSETER . LMIAEHTKADWGC
Rook-1 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRIMIVEYTKADW. . ............. ACDTCLTLSETERRLMIVEYTKADWGC
Rook-2 SPKPNKKVVKGSSSSGNAEPNAGLTLONQWNPEACDTCLTLSETERRIMIVEYTKADW. . ............. ACDTCLTLSETER . LMIAEHTKADWGC
Rook-3 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRLMIVEYTKADWGKYYGLTLONQWNPEACDTCLTLSETERRLMIVEYTKADWGC
Rook-4 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRLMIVEYTKADW. . .. .. o0vvvnn. ACDTCLTLSETERRLMIVEYTKADWGC
Rook-5 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRLMIVEYTKADW. . ACDTCLTLSETERRLMIVEYTKADWGC
Rook-6 SPKPNKK.VKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRIMIVEYTKADW. . .. .....ovnun. ACDTCLTLSETERRLMIVEYTKADWGC
D383-1 SPKPNKKVVKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRIMIVEYTKADW. ... ....0vvuun. ACDTCLTLSETER . LMIAEHTKADWGC
D383-2 SPKPNKKVVKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRLMIVEYTKADW. . .. ..vvvvvn.. ACDTCLTLSETER . LMIAEHTKADWGC
D383-3 SPKPNKKVVKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETGRRLMIVEYTKADW. . ... ....vvvnn ACDTCLTLSETER . LMIAEHTKADWGC
D383-4 SPKPNKKVVKGSSSSGNAEPNGGLTLONQWNPEACDTCLTLSETERRIMIVEYTKADW. .............. ACGTCLTLFETER . LMIAEHTKADWGC

Chav-1 RSVFAVESIPNKESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFIKVPKFGEGDVVGCGVNLENRQIF
Chav-2 RSVFAVESIPNKKSGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFIKVPKFGEGDVVGCGVNLENRQIF
Chav-3 RSVFAVESIPNKKSGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFIKVPKFGEGDVVGCGVNLENRQIF
Chav-4 RSVFAVESIPNKESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFIKVIKFGEGDVVGCGVNLENRQIF
Chav-5 RSVFAVESIPNQESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFVKVPKFGEGDVVGCGVNLEKRQIF
Chav-6 RSVFAVESIPNKESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKRPFIKVPKFGEGDVVGCGVNLENRQIF
Chav-7 RSVFAVESIPNQESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFVKVPKFGEGDVVGCGVNLEKRQIF
Rook-1 RSVFAVESIPNKESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKRPFIKVPKFGEGDVVGCGVNLENRQIF
Rook-2 RSVFAVESIPNQESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFIKVlKFGEGDVVGCGVNLENRQIF
Rook-3 RSVFAVESIPNKESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKRPFIKVPKFGEGDVVGCGVNLENRQIF
Rook-4 RSVFAVESIPNQESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFIKVIKFGEGDVVGCGVNLENRQIF
Rook-5 RSVFAVESIPNKESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKRPFIKVPKFGEGDVVGCGVNLENRQIF
Rook-6 RSVFAVESIPNKESGIFYYEVKISAITASVSIGLATKEIPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKRPFIKVPKFGEGDVVGCGVNLENRQIF
D383-1 RSVFAVESIPNQESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFVKVPKFGEGDVVGCGVNLEKRQIF
D383-2 RSVFAVESIPNQESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFVKVPKFGEGDVVGCGVNLEKRQIF
D383-3 RSVFAVESIPNQESGIFYYEVKISAITASVFIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFVKVPKFGEGDVVGCGVNLEKRQIF
D383-4 RSVFAVESIPNQESGIFYYEVKISAITASVSIGLATKEMPLDKFVGYVKGTYSYDSRGYFWGHEVAGCSHLNKHPFVKVPKFGEGDVVGCGVNLEKRQIF

Chav-1 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Chav-2 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Chav-3 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Chav-4 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Chav-5 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Chav-6 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Chav-7 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Rook-1 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Rook-2 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPKFHPKSADVIEKLKNENL
Rook-3 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Rook-4 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
Rook-5 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEASFGPEFHPKSADVIEKLKNENL
Rook-6 YTLNGELLEPAGSPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
D383-1 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
D383-2 YTLNGELLEPAGLPIDHDADLFPRITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
D383-3 YTLTGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL
D383-4 YTLNGELLEPAGLPIDHDADLFPCITVYAPGTKIEANFGPEFHPKSADVIEKLKNENL

Figure 3.

Analysis of Gp-RBP-1 variants from virulent and avirulent popigdas. Alignment of
deducedsp-RBP-1 proteins encoded by cDNA sequences clormed &. pallidapopulations
D383 (avirulent; pathotype Pa-2), Rookmaker (vintiid’a-3) and Chavornay (virulent; Pa-
2/3). Variant residues are indicated with shadimgth the critical proline/serine
polymorphism indicated in red. PRY domain repeats iadicated by a red bar over the
alignment, with the dashed segment of the bar sparding to an extension of the repeat in
two of the variants. The SPRY homology domain isregored by the black bar.
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Gp-RBP-1 Variants from both Avirulent and Virulent Po pulations Elicit Gpa2

The Gpa2 gene restricts only a limited subset®f pallida populations [14].
However, the possibility that virulent and avirdl@mdividuals might co-exist within
virulent populations has not been examined. Weded on the pathotype 2 (Pa-2)
population D383, which is avirulent gpa2plants, and the virulent pathotype 3 (Pa-
3) population Rookmaker [29], as well as Chavor(@g-2/3), to seek correlations
between recognition by Gpa2 and the polymorphisnithinvand between these
populations. Of a total of 76 sequences derivanfrRT-PCR from multiple
individuals from either D383 or Rookmaker populaspwe obtained four different
sequences from D383 (D383-1, 37 times; D383-2, awin383-3, once; D383-4,
once) and six from Rookmaker (Rook-1, 18 times; RPo8 times; Rook-3, 4 times;
Rook-4, twice; Rook-5, twice; Rook-6, once). TGe-RBP-1 sequences deduced
from these populations showed a number of inséd@&ation polymorphisms and
amino acid substitutions (Figure 2). Most notaliav-6 and Rook-3 showed a 15
aa indel that is highly similar in length and seweesto that encoded bgp-Rbp-1
intron 3 (44 bp in length) [18]. Thus, so@@-RBP-1 isoforms may be expressed by
alternative splicing although the possibility thia¢se clones represent different alleles
of the same gene or different gene copies canndids®unted. Indeed, since these
sequences were identified from a population ofvimllials, we cannot definitively
conclude whether all the sequences we have anatja®ee from different alleles of
the same gene or from different gene copies. Hewaeilie diversity seen herein is a
characteristic often seen in pathogen Avr genes[130

To test for recognition by Gpa2, the open readmagies, minus the SP, of the
seventeen differenGp-RBP-1 variants identified from the D383, Rookmaleerd
Chavornay populations were cloned in frame with-gei@inal hemagglutinin (HA)
epitope tag. All clones from the avirulent popidatD383 induced a Gpa2-specific
HR on Gpa2transgenicN. tabacum(tobacco; Figure 4A). Sever&p-RBP-1
variants from Chavornay and Rookmaker were alsogmized by Gpa2, although
some differences in HR strength were consistentigeoved (Figure 4A). Three
variants (Chav-4, Rook-2 and Rook-4) failed toielicGpa2-dependent HR despite
the detection of similar protein levels of all \arts by immunoblotting (Figure 4C).
We also tested two RBP-1 variants (Gmex-1 and G&)drem G. mexicanawhich
share high degrees of amino acid sequence singilaith Gp-RBP-1 proteins but
encode only a single PRY domain (Figure S1). Neitf thesecGmRBP-1 proteins
elicited a Gpa2-dependent HR (Figure 4).

A Single Residue Determines Gpa2 Recognition Gp-RBP-1

Despite numerous polymorphisms@p-RBP-1 variants, only a proline/serine
polymorphism at position 187, relative to the refere full-length Guic-3 sequence
(Figure S1), correlated with recognition by Gpa®y@ifes 3 and 4A). This residue
was also shown to be under positive selection e dfolutionary analysis of the
PeruvianG. pallida populations and in the full dataset (Figure 2 aatlle S1). To
test the importance of residue 187 in recognitigrGpa2, we substituted serine and
proline codons at position 187 in Rook-1, Rook-haG7, and Gmex-1. The
substitution of proline 187 to serine in Rook-1 aldav-7 abolished recognition by
Gpa2, whereas substitution of serine 187 to prahneook-4 and Gmex-1 resulted in
a gain of recognition by Gpa2, although the GmeX166P protein elicited only a
very weak HR (Figure 5A). These observations aresistent with an absolute
requirement for a proline residue at position 181, suggest that other regions of the
protein likely modulate the potential for recogoitiby Gpa2.
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To explore further the role of the structurally iabfe RBP-1 N terminus in
recognition by Gpa2, we tested constructs of Chawiti serial deletions of its PRY
sequences, and exchanged the Gmex-1 SPRY domathdobfrom Chav-7 (Figure
5B). Chav-7 deletants lost their ability to eliGpa2, however, immunoblot detection
demonstrated that these proteins accumulated terldevels, suggesting that the
deletions destabilize the protein. On the otherdhahe chimeric protein comprising
the single PRY domain from Gmex-1 and the Chav-RY¥Eomain was recognized
by Gpa2, albeit, to a lesser degree (Fugre 5B)s f@sult indicates that an intact N-
terminus is required for recognition Gp-RBP-1 by Gpa2, and that variation in this
region of the protein can influence the strengtheabgnition by Gpaz2.

A B

Population

D383-2 Rook-6
++ +++

1 2 3 4 5 6 7
Chavornay |++|++|++| - |++| + |++|HR
P PP S P PP

1 2 3 4 5 6
Rookmaker |++| - |++| - |++ |+++|HR

P S P S P P

1 2 3 4

D383 HR Rook-4 Chav-6
P P PP C
1 2 D383 Rookmaker Chavornay Gmex
G.mexicanaD:lHR 1234123456 123456712

S S 1B
aHA B

Figure 4.

Recognition ofGp-RBP-1 by Gpa2 corresponds to avirulence, but iratence inG. pallida
populations. A - Gp-RBP-1 variants (shown in Figure 3) cloned into g8l as HA-tagged
proteins under control by the CMV 35S promoter weansiently expressed via agro-
infiltration on GPAII::GpaZ2 transgenic tobacco. Tiesponses in the infiltrated patches were
scored visually with a complete lack of responswext as (-). Positive HR responses were
scored as follows: complete collapse and rapidcdasipn of the infiltration patch within 2
days (+++), complete collapse of the infiltraticetgh by 3 days post-infiltration (++), or slow
and incomplete collapse with residual live cells (+

HR phenotypes representative of the scale usedhhene shownEg), as photographed seven
days after infiltration. The presence of eithgraline (P) or serine (S) residue at the position
corresponding to Rook-1 residue 187 is indicated.

C - Immunoblot with horse radish peroxidase-conjadaanti-HA antibody demonstrating
relative protein levels of transiently expressedPRBproteins.
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RanGAP2 is required for HR Induced through Gpa2

Previously, the RanGAP2 protein was shown to atdiewith the N-terminal
CC domains of both Rx and Gpa2, and to be requoedRx-induced responses to
PVX [15,16]. A lack of workable reverse geneticpegaches precluded an
investigation of the requirement for RanGAP2 in fhetato-nematode interaction.
Therefore, to test the requirement for RanGAP2 paZsmediated responses, we
generated transgenid. benthamianaxpressing Gpa2 from thi®x genomic promoter
as well as PVX derivatives expressing Gpa2-eligitfp383-2 or D383-4; PVX-D2
and PVX-D4) or non-eliciting (Rook-2 or Chav-4; PR and PVX-C4) versions of
Gp-RBP-1. RanGAP2 expression was silenced by vimdsited gene silencing
(VIGS) using a tobacco rattle virus (TRV) vecto5]1 As a control, plants were
inoculated with the empty TRV vector (TV:00). Ruimculation of TV:00-infected
plants with PVX expressing either PVX-D2 or PVX-Besulted in the presentation of
HR-type lesions in the inoculated leaves (Figurg. GAowever, resistance responses
induced by Gpa2 failed to prevent systemic sprehdhe recombinant viruses,
resulting in a spreading systemic HR (SHR; Figu#g. 6 Although this response
differs from the Rx-mediated response to most P\WAirss [12] it resembles the
response seen Rxtransgenid\. benthamiananfected with a strain of PVX weakly
recognized by Rx [32]. Indeed, SHR-type responass commonly seen in
interactions betweeR genes that are not able to fully contain virugation due to
weak recognition [4]. In contrast, PVX-R2 and PXZ¥-did not induce HR lesions or
SHR (Figure 6A). Silencing of RanGAP2 abrogatethlibe induction of local HR
and SHR by PVX-D2 and PVX-D4, demonstrating a regaent for RanGAP2 in
Gpaz2 function (Figure 6A).

To complement our VIGS experiments, we also usedominant-negative
approach to block RanGAP2 function in Gpa2-mediatsponses. Plant RanGAP
proteins possess a plant-specific N-terminal WPiaalo that includes a three amino
acid signature motif (WPP) shown to be essentiatémcentrating RanGAP1 protein
to the cytoplasmic side of the nuclear envelopeva as the cell division plane
[33,34]. The Rx CC domain interacts with RanGARDugh the WPP domain [16]
as does the Gpa2 CC domain (Figure S2). We fusedWPP of RanGAP2 to
EGFP:HA (WPP:EGFP:HA) and used this construct tablgt transform N.
benthamianawith control transgenic lines generated to exprie&FP:HA. Over-
expression of WPP:EGFP:HA completely blocked the EIRited by transient
expression of Gpa2 plusp-RBP-1:EGFP:HA (Figure S2B). However, it had no
effect on the CP-dependent HR elicited by Rx oy plus AvrPto (Figure S2B).
Although interference by WPP:EGFP:HA appeared tspexific to Gpa2, we do not
rule out the possibility that residual endogenoas®AP2 activity may be sufficient
for Rx function, which normally mediates a moreidagnd stronger HR than Gpaz2.

Artificial tethering of RanGAP2 and Gp-RBP-1 enhances Gpa2-mediated HR

A number of proteins that interact with the N tammof NB-LRR proteins
mediate Avr recognition by their cognate NB-LRRtpar [35,36,37,38] and we have
previously suggested that RanGAP2 may play a amndle with by Rx and Gpa2
[15]. However, we have been unable to consistesllpw a direct interaction
between Gp-RBP-1 and potato RanGAP2 by yeast two-hybrid or- co
immunoprecipitation (M.A.S. and P.M., unpublishedta. In an attempt to
demonstrate in situ interactions, we employed thmolecular fluorescence
complementation (BiFC) technique using split YF&gments [39]. Constructs were
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generated to fuse either the N-terminal or C-teainMFP fragments, plus a FLAG
epitope tag, to the C-termini of proteins of insrgnYF and cYF).
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Figure 5.

A single residue in th&p-RBP-1 SPRY domain is a key determinant of Gpa@geition.

A - Proline 187 of Rook-1 and Chav-7 was substitutedsésine and serine 187 of Rook-4
and Gmex-1 was substituted for proline. The resyliGp-RBP-1:HA proteins were
transiently expressed @pa2tobacco leaves. Note that Rook-4 S187P inducedRaf a
strength equivalent to those elicited by Rook-1 &hév-7 (+++ as per Figure 4B), whereas
Gmex-1 S187P induced a much weaker response (terafigure 4B). Gp-RBP-1:HA
variants were also expressed in wild-type tobacab@otein extracts were subjected to anti-
HA immunoblotting (IB) to determine protein expriesslevels (lower panel).
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B - Deletions of, and fusions betweds, pallida Chav-7 andG. mexicanaGmex-1 RBP-
1:HA are represented schematically. Individuakgirs were expressed in wild-type tobacco
and protein extracts were subjected to anti-HA imahlotting to determine protein
expression levels (lower panel). Individual protewere scored for their ability to induce an
HR onGpa2transgenic tobacco as per the scale in Figure 4B.

BiFC fusion proteins were first tested for funcidity in HR assays.
Although theGp-RBP-1 (D383-2) protein elicits a Gpa2-dependent Wwithin three
days of agroinfiltration (++, Figure 4A), fusion Gp-RBP-1 (D383-2) with the YFP
fragments (D383-2:nYF and D383-2:cYF) resulted imach weaker elicitation of
Gpaz2-mediated HR (+ as per the scale in Figure 4R)wever, we observed a strong
HR (+++ as per Figure 4B) upon co-expression D383¥R with RanGAP2 fused to
the nYFP fragment (RanGAP2:nYF) @paztransgenic tobacco leaves (Figure 7A).
A similar, albeit less pronounced, HR enhancemeas$ ween with the reciprocal
combinations of complementing YFP fragments, D388F and RanGAP2:.cYF
(Figure 7A). This weaker response, however appéarsorrelate with lower
expression of D383-2:nYF (Figure 7B). Comparisémpmtein expression levels of
RanGAP2:cYF, RanGAP2:nYF and RanGAP2 with only &AEGLtag (RanGAP2:F)
showed that HR enhancement correlated with theepoesof complementing YFP
fragments, and not protein expression levels (lEigiB). As an additional control,
D383-2:nYF and D383-2:cYF were co-expressed withSGYFP fragment fusions,
GUS:nYF and GUS:cYF, neither of which showed arfgafon enhancing the Gpa2-
mediated HR (Figure 7A).

The reconstitution of YFP fragments is irnesilele [40]. Indeed, we find that all
combinations of HA or FLAG tagged nYFP and cYFPidasproteins that we have
tested interact and can be efficiently co-immunoitated (Figure S4, MAS and
MJJ unpublished data). Since the control proteirS@ll$o interacted with all proteins
tested in this assay (Figure S4) split YFP rectngtn appears to be highly
promiscuous in plants as long as the cognate fugioteins are stably expressed.
Nevertheless, we reasoned that if the recognitypi®Gpa2 is mediated by a weak or
transient interaction between RanGAP2 @&w@RBP-1, then strengthening such an
interaction would strengthen the degree of Gpaatain. To test the specificity of
this phenomenon we introduced Gp-RBP-1 (Rook-4)clvis not recognize by Gpa2
(Figure 4A) into the split YFP assay with RanGARRhough YFP complementation
allowed these two proteins to interact physicaltydid not result in a gain of
recognition of Gp-RBP-1 (Rook-4) by Gpa2 (FiguréAg3Moreover, complementing
pairs of Gp-RBP-1 and RanGAP2 did not activate the Rx profEigure S5). These
results suggest that the artificial tetheringSgFRBP-1 proteins to RanGAP2 mimics
and enhances an interaction that normally occutedem these proteins, but that
interaction alone is not sufficient to activate @esociated NB-LRR protein. Thus,
although RanGAP2 is involved in an initial phaseAofr interaction, recognition
specificity is nonetheless determined by the NB-LjitBtein.
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TV:RGAP2
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Figure 6.

Gpa2-mediated responses to PVX-RBP-1:HA requirenGR®2. PVX vectors were
generated to express two avirulent versions (D388e2D383-4) of5p-RBP-1:HA (PVX-D2
and PVX-D4) as well as two virulent (Rook-2 and GHa variants (PVX-R2 and PVX-C4).

A -Virus saps containing recombinant viruses wefleinoculated ontdGpa2transgenio\.
benthamianathat had previously been infected with the emp&VTVIGS vector or
TRV:RGAP2. Phenotypes from a representative erpari are shown for PVX-D2 and
PVX-R2, photographed two weeks after PVX inoculatiovirus spread to systemic tissues
was observed either by the development of syste&sions and necrosis (PVX-D2 and PVX-
D4) or PVX symptoms typical of infected wild-typ&apts (PVX-R2 and PVX-C4). Necrosis
on local and systemic leaves is indicated by arrows

B - Protein extracts taken from inoculated and syiteleaves ofGpa2transgenicN.
benthamianaplants, infected as in (A), were subjected to-Bi&ti immunoblotting (IB) to
detect Gp-RBP-1:HA accumulation.
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Figure 7.

Tethering of RanGAP2 an®Gp-RBP-1 enhances Gpa2-mediated HR. The open reading
frames of RanGAP2, Gp-RBP-1 clone D383-2 and GU&wesed at their C-termini to
either the C-terminal or N-terminal fragments of P‘{FLAG (cYF and nYF, respectively).
D383-2:cYF and D383-2:nYF were co-expressed, by-adiltration, in Gpa2transgenic
tobacco together with both complementing fusiortgins (yellow) and non-complementing
YFP fusion proteins (white) as indicated (top paneRanGAP2 with only a C-terminal
FLAG tag (RanGAP2:F) was included as an additiovad-complementing control. Fusions
proteins were also expressed in wild-type tobacwbpaotein extracts were subjected to anti-
FLAG immunoblotting (IB) to confirm that activationn the combinations with
complementing YFP fragments did not correlate wiita highest RanGAP2 levels (lower
panels).

DISCUSSION

Given a lack of consistent reverse genetics tami<yst nematodes, we have
used functional assays to demonstrate avirulenib@tgof Gp-RBP-1 as defined by
the ability of a protein to elicit defense respand®y/ a specific R protein. The
presence of matching R and Avr proteins is generlfficient to induce resistance
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response, the most obvious being the HR. Our dada ghat specificGp-RBP-1
variants induce an HR only in the presence of Guazot Rx or Rx2 (Figures 1 and
4). Thus, by definition, these proteins possess2Ggpdrulence activity and at a
functional level represent a gene-for-gene relatigm Furthermore, these saiGe-
RBP-1 proteins elicit resistance responses, mdadess systemic HR, when
expressed from PVX (Figure 6). The fact that Gpa2s not fully restrict these
recombinant viruses is likely due to the relaywehpid movement of PVX from
infected cells, similar to what is seen with vensioof PVX that are weakly
recognized by Rx [32]. This is consistent with thet that mosGp-RBP-1 variants
induced a Gpa2-mediated HR only after three dajgu(€ 4), whereas the Rx/CP-
mediated HR occurs within 24 hours (P. Moffett, uinijshed observations).
Furthermore, even o@pa2potato plants aviruler. pallidainduce an HR only after
7-9 days, (K. Koropacka, unpublished observatiossyjgesting that the Gpa2
response is relatively weak, possibly due to areriahtly weak recognition of Avr
proteins. Since the nematode does not move frenmitial feeding site, this slow
response may be sufficient for nematode resistam@¥eas it results in SHR in the
case of a viral infection.

While Gp-RBP-1 alleles displayed many polymorphisms, redagnby Gpa2
could be attributed to a single proline/serine pwyphism in the SPRY domain
(Figure 5). However, although a proline at positit87 appears to be absolutely
necessary for Gpa2 activation, variations at ositess likely modified the strength of
HR induced through Gpa2 and a nearly-intact protginequired for Avr activity
(Figures 4 and 5). We only recovered avirulentiardas of Gp-RBP-1 from the
avirulent population D383, consistent with a rade this nematode protein in eliciting
Gpa2-mediated resistance. However, both Gpa2-neoed) and non-recognized
variants ofGp-RBP-1 were isolated from tw@. pallida populations (Rookmaker and
Chavornay) virulent t@spa2 It is possible that these versionsGif-RBP-1 are not
expressed although this seems unlikely as thelatiso depended on the expression
of their mRNAs. These data suggest rather, thelt fpopulations contain both
virulent and avirulent individuals, consistent withe fact thatGpa2 has not been
effective in the field.

On the other hand, it is possible tiz#-RBP-1 is not the sole determinant of
avirulence among differei@. pallidapopulations. A recent report showed that a key
gene from the root-knot nematoteloidogyne incognitaletermining avirulence to
the tomatoMi-1 gene, designated€g-1, could encode an RNA that regulates
avirulence. The longest open reading frame (ORK)g#l has the capacity to encode
a polypeptide of only 32 amino acids without thpegrance of signal sequence [41].
It is unlikely that a product of th€g-1 gene ultimately elicits the Mi-1 protein and
yet silencing ofCg-1in the nematode compromised resistance conferydtdiMi-1
gene. Thus, avirulence as defined genetically, naycorrelate absolutely with the
possession of a gene encoding avirulence actagtylefined by the elicitation of an R
protein by a pathogen-derived molecule. Indeeds tdoncept is not without
precedent. For example, iBseudomonas syringathe effector protein AvrRpt2
interferes with recognition of AvrRpm1 by the NB-RRprotein Rpm1, while the
effectors VirPphA and AvrPtoB are able to supptessHR responses induced by co
delivered Avr proteins [42,43,44]. SuppressionAofr recognition by NB-LRR
proteins can be highly specific as in the casehefftax TIR-NB-LRR L6 and L7
proteins which recognize the same versions of flsst AvrL567 proteins but are
differentially suppressed by the presence of the fust inhibitor () gene [30,45,46].
Furthermore the oomycete protein ATRT%® confers avirulence toward the
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ArabidopsisRPP13 gene in the ecotype Nd-O but not ecotype Ws-Opitkeshe
ability of RPP13 to recognize bacterially-delive®@R13™°in both ecotypes [47].
This is reminiscent of the ability of tHeseudomonasyringaeprotein AvrPphC to
suppress recognition of AvrPphF, but only in certbean cultivars [48]. Thus it
would appear that the ultimate outcome of the adgon between a given pair of Avr
and R proteins can be influenced by additionaldiactietermined by the genotypes of
both the pathogen and the host. Only form&GpfRBP-1 avirulent to Gpa2 were
found in population D383 suggesting that this iprarequisite for Gpa2-mediated
resistance. However, the identification of fornisGp-RBP-1 avirulent to Gpa2 in
the Rookmaker population might suggest that aduhifiofactors present in this
population may act epistatically ®p-RBP-1, either suppressing recognition of Gp-
RBP-1 by Gpa2 or the ensuing defense responses.

Although this report does not fully address theeakbf variability ofGp-Rbp-

1 alleles and homologues, our initial analysis shawery high degree of amino acid
variation encoded within the nematode populatiotesy@ned. Evolutionary analysis
suggested that a number of residues encodedsfRbp-1are under selective
pressure. Previous analyses of genes encddimgstochiensiSPRYSEC proteins
have shown that this gene family has undergonesfyang selection [19]. Whether
Gp-RBP-1 is simply one member of a similarly expanded diversifiedG. pallida
SPRYSEC family remains to be elucidated. Howevee Gp-RBP-1 sequences
appear to be more similar to each other tha@neRBP-1 (Figure S1). As such, we
suggest that th&p-RBP-1 variants represent either different allelethe same gene
or the products of very recent duplications that effectively be considered to be
functionally the same. Thus, our analyses woutlicate that th&p-Rbp-1nematode
parasitism gene has been subject to diversifyingecgen within nematode
populations. It should be noted that sites unasitiye selection irGp-RBP-1 were
different than those identified in SPRYSEC homol§t8], although both analyses
indicated selection on residues predicted to likeasurface of the protein in extended
loops of the B30.2 domain (Figure 2). It has bseggested that the B30.2 domain in
SPRYSEC proteins could provide a hypervariable ibmdsurface which may be
tuned to interact with a variety of protein par;yg¢1]. For RBP-1 and SPRYSEC
proteins this would presumably include plant protirgets including selection for
interaction with virulence targets and/or selection avoiding interactions with
components involved in pathogen recognition. Sichl evolutionary forces may be
further compounded by different selection pressaorealternate hosts and thus it may
not be unexpected to find different positions unulesitive selection when comparing
SPRYSEC and RBP-1 proteins.

Mutation and migration are two of the major evalnfary forces considered
when assessing the risk of pathogen evolution inagament of disease resistance
and, due to their lifestyle, cyst nematodes hawnlassociated with a low risk value
for overcoming resistance [49]. However, bothhigh levels of gene flow shown to
occur between populations [50,51] and our findifigoositive selection in th&p-
Rbp-1 gene suggest that this risk may be higher thawiqusly thought, with
consequent implications for the development of digraesistance strategies.

High levels of variability have been shown for Adeterminants from two
other eukaryotic pathogens, the ATR1 and ATR13gunstfromH. parasitica and
the AvrL456 proteins fromM. lini, presumably because they are under selection
pressure to evade the plant defense system [52,B8lwever, although ATR13 is
highly variable, a single polymorphic amino acidedmines recognition by RPP13,
with a small number of other residues modulatirg strength of this response [31].
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This shows parallels to Gp-RBP-1 which also showgseat deal of variability (Figure
2) but whose recognition is ultimately determingdabsingle polymorphic residue
(Figures 4 and 5). Thus, tHe genes in question may not be a major factor in
maintaining the diversity of these pathogen effectdn particular, in the case Gip-
RBP-1 Gpa2does not restrict most Europe@n pallida populations, nor is it likely
that Gpa2 has exerted a significant pressure on nematodelgtogns. Our analyses
indicate that the polymorphism at position 187Gp-RBP-1 was under positive
selection well befor&s. pallida was introduced into Europe (Figure 2 and Table ).
Thus the variability seen i@p-RBP-1may be due to selection pressures exerted in
the past within the native range of the pathogerthvimay have included R proteins
present in native hosts that recogniz@RBP-1. Alternatively, it has been proposed
that G. pallida has adapted to new hosts on multiple occasionsugiiout its
evolutionary history [24] and variation iBp-RBP-1 may have been selected for
during these adaptations. The role of RBP-1 andYSEC proteins in parasitism is
presently unknown. However, tl@&. rostochiensigrotein SPRYSEC19 has been
shown to interact physically with an NB-LRR protewthout activating it suggesting
that it may play a role in inhibiting host defenseghat this family of proteins may be
predisposed to recognition by NB-LRR proteins.

Like Rx, Gpa2 both binds to, and requires RanGA#t2function (Figures 6
and S3). Given the specific interaction of RanGAWt Rx-like proteins and a lack
of obvious signaling function, we have suggested RanGAP2 may play a role in
recognition by Gpa2 and Rx [15]. Indeed, multipd@mples exist where proteins that
bind to the N termini of NB-LRR proteins mediatecagnition of Avr proteins,
including the ternary interactions of AvrPto/Ptd/PrAvrPphB/PBS1/RPS5,
AvrRpm1/RIN4/RPS1, AvrRpt2/RIN4/RPS2, and p5S0/NRNP136,54,55,56]. How
can these observations be reconciled with domairapping experiments
demonstrating that the LRR domain determines ratogn specificity
[17,32,57,58,59]? The enhancement of Gpa2-mediagsgponses by tethering
RanGAP2 toGp-RBP-1 are consistent with a role for RanGAP2 ascagnition co-
factor (Figure 7) that initially interacts with thvr protein. However, tethering is
not sufficient to induce activation of Gpa2 by n@gognized versions @& p-RBP-1
nor is it sufficient to activate the Rx protein gbres S4-S6). Thus, despite a
prerequisite for an interaction with RanGAP2, itpegars that the LRR domain
determines which interactions will be productive&such a scenario may explain
apparently contradictory reports showing both dieew indirect interactions between
the TIR-NB-LRR protein N and its cognate Avr detaramt the p50 subunit of the
tobacco mosaic virus (TMV) replicase. In the pleeit, P50 interacts with N only in
the presence of the chloroplast protein NRIP1 [58&jereas there appears to be a
direct interaction between N and p50 in the yeasthybrid system anuh vitro [60].

A general mechanism for NB-LRR recognition of theagnate Avr determinants
through a two-step process could reconcile sucbrejigncies. Indeed the N/p50
example would suggest that the NRIP1/TIR compleghnistabilize a subsequent
interaction between p50 and the N LRR domain. Heurhore, such a scenario could
provide a mechanism to explain how NB-LRR proteairight evolve new recognition

specificities without having to evolve to bind neellular recognition co-factors.

Further work will be required to determine whetsech recognition co-factors are
differentially modified by Avr proteins, resultingy activation of the NB-LRR or

whether they act to somehow present Avrs to the dBRain which in turn mediates
recognition. In addition, it is of interest to dahine whether RBP-1 proteins may
target RanGAP2 as part of a virulence function raslipted by the guard hypothesis
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[1] or whether it simply mimics the true virulentarget(s) of RBP-1 as predicted by
the decoy model [6].

Materials & Methods

Plant Material and Transient Expression

N. benthamianandN. tabacumplants were germinated and grown in a glass house
or growth chambers maintained at 23°C. All experitaevere repeated at least three times.
Virus-induced gene silencing (VIGS), transient egsion of proteins (Agro-expression),
protein extraction, immuno-precipitation and immtbiotting were carried out as previously
described [15].

TransgenicN. benthamianaexpressingGpa2 from the Rx native promoter were
generated by stable transformation usigtumefaciensstrain LBA4404 carrying binary
vector clone pBl1-Gpa2 as previously described [T5hnsgenicN. benthamianawere
generated to stably express RanGAP2 WPP:EGFP:HAE&]P:HA from the cauliflower
mosaic virus (CaMV) 35S promoter by transformingfléssue usingd. tumefacienstrain
C58C1 carrying binary vector constructs pBIN61-WEEEP:HA or pBIN61-EGFP:HA
(described below), and selecting on kanamycin. §ganicN. tabacumexpressingGpa2
from theGPAII native promoter were generated by stable transfiiomasingA. tumefaciens
strain pMOG101 carrying binary vectpBIN+GPAIl::Gpa2.

Plasmid Construction

For generation of expression clones, all inserteevigated into 5Xba and 3"BanH| sites

of the pBING61 binary vector series unless othervingcated. This vector series contains
epitope tags, or the enhanced red-shifted varigjetlp fish green fluorescent protein (EGFP)
with an HA epitope tag, positioned for carboxy-tarah tagging of inserts in frame with the
BanHI site [17,61,62]. To obtain the compleBp-Rbpl ORF, cDNA prepared fromns.
pallida pathotype (Pa) 2/3 population Chavornay [18] wampldied with primers
GpaRBPMForSP (5-CTCTAGRTTATTGCCCCCAAAATG-3") and GpaRBPMstopRev
(5"-GGATCCAGCAAACCCATCATAAATTCTCG-3") and ligated into the pEVI-T vector.

A pGEM-T clone was used to amplify fragments thahad the signal peptide deleted using
primers GpaRBPMforXba (5-CTCTAGZCATGGAGTCGCCAAAACCAAAC-3") plus
GpaRBPMstopReyv; 2) had the stop codon changedtmll site for epitope tagging, using
primers GpaRBPMForSP and GpaRBPMrevBam (5°-
CCTGGATCCTAAATTCTCGTTTTTC-3") or 3) had both the signal piejat deletion and the
BanmHI site substitution for the stop codon, using mimm GpaRBPMforXba and
GpaRBPMrevBam. Nematodes from virulent (Rookmaker3) and avirulent (D383 Pa-2)
population ofGlobodera pallida(Pa-2/3) were hatched from eggs in the presengmiaito
root diffusate. Juveniles in the preparasitic sté&dR) were collected and used for RNA
extraction followed by cDNA synthesis (Super Scriht Invitrogen). All additional G.
pallida and G. mexicanaRBP-1 clones were obtained by amplification withners

GpaRBPMrevBam plus either Chav6-7forXba
(TGTCTAGAACCATGGAGTCGCCAAAACCAAAQ), Gmex-1forXba
(TGTCTAGAACCATGGAGTCGCCAAAAACAAAC), or Gmex-2forXba

(TGTCTAGAACCATGGAGTCATCCAGTCCTGGCAATAC). A fragment withouthe

signal peptide and with a BamHI substitution of gtep codon was amplified from cDNA
prepared fromGlobodera rostochiensipathotype Rpkindly provided by X. Wang, using
primers GroRBPMforXba (5 -CTCTAGBCATGGATTCGCCGCCGCCAAAAAC-3") and
GroRBPMrevBam (5 -GGATCEAATGGGCCAAAGTTCG-3). YFP N- and C-terminal
fragments were amplified by PCR using the enhaneibw fluorescent protein (EYFP)
from the pSAT vector series as a template [63] witimers BamFor-N-YFP (5°-
GGATCCGGGATGGTGAGCAAGGG-3) plus BglRev-N-YFP (5°-
CAGATCTGTCCTCGATGTTGTGG-3") for the N-terminal fragmentdaBamFor-C-YFP
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(5"-GGATCCATGGGCGGCAGCGTGCAG-3) plus BglRev-C-YFP (5°-
CAGATCTCTTGTACAGCTCGTCCATGC-3") for the C-terminal fragntemnserts cloned
into pGEM-T were digested witBarmHI andBglll and ligated into th&anH| site of pBIN61
constructs with either a FLAG:6His (FH) or HA ta@l], allowing subsequent cloning of
candidate genes in frame with the epitope tagged fr&gment using the BanHlI site. Site
directed mutants and swap-domain constructs wenergied based on extension overlap
PCR. Primers were designed to change proline d&étine in Chav-7, and the equivalent
serine to proline in Gmex-1, and to fuse aa 23f9Gmex-1 to aa 121-265 of Chav-7 (Figure
S1). The Chav-7 deletion constructs were generayeBCR and correspond to fragments
expressing residues 82-265 and 121-265 of Chaw/methionine and an alanine residue
were added to N-terminal deletion constructs.

The GPAII:Gpa2 construct was assembled from ttwnpter region of the Gpa2
gene, the coding sequence, and the 3-UTR. Fingt, X¥-UTR of Gpa2 (274 bp) was
amplified  from pBINRGC2 [13] using the primers  5URR (5'-
TGGTACCTTCTGCAGCGAGTAGTTAAGGTGTTCTGAGGAC-3") and 3UTRrev5'¢
CTTAATTAA CCCGGGAGATTGAGGACTCCCAAGAAAGG-3"). The amplicon wa
subcloned into th&pnl andPacl sites of pRAP-YFP. Th&pa2promoter region (GPAII;
2744 bp upstream of start codon, including the BRYJwas subcloned into thesd andNca
sites of the pRAP-3’'UTR-YFP to generate pRAP-GPAUTR-YFP. The 5-end of the
Gpa2 coding sequence was PCR amplified from pBINRGCJ [is3ng primers 5 GpRxbn
(5-TTTTTGGATCCATGATTATGCTGCTGTTACTTCCC-3") and GpRxStuRev (5'-
CAAAGAAAGAAGGCCTAGGAGTAC-3). The Ncd and Pst fragment was ligated
together with arAvrll-Pst fragment from pBINRGC2 into thcd andPst sites of pUCAP
making pUCAP-Gpa2 [64]. Thicd and Pstl fragment from the pUCAP-Gpa2 plasmid was
subsequently into thilcd and Pst sites of pRAP-GPAII-3'UTR-YFP, resulting in pRAP-
pGPAIl::Gpa2-3'UTR-YFP. As a final cloning step,etihsd-Pad fragment of pRAP-
pGPAIl::Gpa2-3"'UTR-YFP was ligated into correspamdsites in the binary plasmid pBIN+
resulting in pBIN-GPAII::Gpa2.

DNA and Protein Sequences and Analysis

DNA sequences were translated to protein and edignsing the Translator and
ClustalW-based Aligner programs of the JustBio esuit(Pierre Rodrigues,
www.justbio.com/tools/phb). Newsp-Rpb-1sequences functionally analyzed in this study
have been deposited to GenBank/EMBL databases uhddbllowing accession numbers:
AM491352 (Chav-1), AM491353 (Chav-2), AM491354 (@), AM491355 (Chav-4),
AM491356 (Chav-5), FJ392678 (Chav-6), FJ392677 Y&ha EF423897 (Rook-1),
EF423898 (Rook-2), EF423899 (Rook-3), EF423900 KRBo EF4238901 (Rook-5),
EF4238902 (Rook-6), EF423893 (D383-1), EF423894 8@3), EF423895 (D383-3),
EF423896 (D383-4). News. mexicanaRbp-1sequences analyzed in this study have been
deposited to GenBank/EMBL databases under thewoip accession numbers: FJ392679
(Gmex-1), and FJ392680 (Gmex-2). Additioal pallida sequences used for PAML
analysis were: EU982195 (Luffness; GPE1), EU982(@6essant; GPE2), EU982197
(Chavornay; GPE3), EU982198 (Duddingston; GPES) Ed882199 (Guiclan; GPEG6) from
Europe; and EU982200 (Colque-cachi; GPS3), EU98Z20dmancalla; GPS5), EU982202
(Ballo-ballo; GPS7), EU982203 (Chocon; GPS8), EBPR(Otuzco; GPS9), and EU982205
(Huamacucho; GPS10) from Peru. Additional sequenetevant for this report can be
retrieved from the GenBank/EMBHdatabases under the following accession numbers:
AJ251757 Gr-RBP-1) AJ011801 (Rx)AJ249449 (Rx2), AJ249449 (Gpa2), AF172259
(PVX-CP), AF202179 (Bs2), and AM411448 (RanGAP2).
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Construction of the sequence data sets

Complementary DNAs encodinGp-Rbpl were amplified from 13G. pallida
populations (7 European and 6 Peruvian) as deskrili@ng specific primers 5’IC5.2 and
3IC5.2 [18]. The PCR products were cloned and tseto Macrogen
(www.dna.macrogen.com) for  sequencing. Multalin ttpi¥bioinfo.genopole-
toulouse.prd.fr/multalin) with DNA 5-0 alignmentnaaneters was used for multiple sequence
alignment [65]. The alignment was manually comdatvhen necessary. The MEGA program
v 3.1 was used to obtain Neighbour-Joining treé$ [6

Evolutionary analysis: Identification of sites unde positive selection

Selective pressures on RBP-1 sequences were edluating the ratio of
nonsynonymous to synonymous substitution ratesipeio = K/Ks) using the phylogenetic
analysis by maximum likelihood (PAML), single-likebod ancestor counting (SLAC), fixed-
effects likelihood (FEL), internal branches fixeffieets likelihood (IFEL) and random effect
likelihood (REL) methods implemented in the PAMLckage version 3.14 [67] or in the
HYPHY package [26]. A value ob = 1 reflects neutrality < 1 indicates purifying
selection ando > 1 indicates positive selection. PAML analysesravdone with the
CODEML program (M1 vs M2 and M7 vs M8 models). TBayes Empirical Bayes
approach was used to calculate the posterior pildissbthat each site fell into a different
KJKs (or ) class [68]. PAML assigns a likelihood score todals for selection. A
likelihood score for a model incorporating positealection that is higher than that for a null
model without positive selection is evidence fositige selection. The significance of the
differences was estimated by comparing the null eh@ehd positive selection modelAJ2
with a chi square table (Likelihood Ratio Test, DRT
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Figure S2.

Interaction between RanGAP2 and Gpa2 through #mino-terminal domains.

A - FLAG-tagged CC domains from Gpa2 and Bs2 weaasiently co-expressed by agro-
infiltration with RanGAP2 or fragments thereof asGHEP:HA fusion proteins inN.
benthamiana Reciprocal co-immunoprecipitations with anti-FGAand anti-HA conjugated
agarose beads demonstrate that the RanGAP2 ammm& WPP domain interacts
specifically with the Gpa2 CC domain when analygadmmunoblots detecting the epitope
tags.

B - A dominant-negative version of RanGAP2, consgtf a 133 amino acid fragment from
the RanGAP2 amino terminus was expressed transdgnas a GFP fusion protein iN.
benthamiana(WPP:EGFP:HA). Control lines were also generatgdressing EGFP:HA
protein. Leaves were infiltrated with 35S::Pto pRES::AvrPto or pB1-Gpa2 plus pBin61-
EGFP:HA as positive and negative HR controls, respely. The RanGAP2 dominant-
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negative effect was assayed by co-infiltration BiLfgRx:HA with pBin61-CP, or pB1-Gpa2
with pBin61-Gp-RBP-1:EGFP:HA.

A B
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Figure S3.

Enhancement of HR through Gpa2 by complementing ¥&gments fused to RanGAP2 and
Gp-RBP-1 is specific for avirulent variants of Gp-R&P Reciprocal YFP fragment fusions
of Gp-RBP-1 (Rook-4 and Rook-6) were co-expresseGpa2transgenic tobacco together
with the indicated nYF and cYF fusions of RanGARA &US A-C). Complementing pairs
of YFP fragment fusion proteins are noted in yelloan-complementing combinations in
white. Note that Rook-6:nYF induces a weaker raspdghan Rook-6:cYF), similar to that
seen with D383-2:nYF (Figure 7A)Df HR enhancement did not result simply from the co-
expression of D383-2 with RanGAP2:nYF, RanGAP2:a¥FRanGAP2:F demonstrating a
requirement for YFP complementation in the HR eckanrent.
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Enhancement of Gpa2-mediated HR by YFP complementatorrelates with physically
interaction between RanGAP2 ar@p-RBP-1 fusion proteins. In order to demonstrate
physical interaction between YFP fragment fusighs, FLAG epitope tag of nYF and cYF
fusions was replaced with an HA epitope tag (nYHA aYHA). Rook-4, Rook-6 and GUS
fusions with either nYHA, cYHA, nYF or cYF were trsiently expressed in Gpa2-transgenic
tobacco either alone (right hand side) or togethdth either RanGAP2:cYHA,
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RanGAP2:cYF or RanGAP2:nYF (A). HR induction réswith HA fusions were similar to
those obtained in experiments in which all fusiamsre tagged with the FLAG-epitope
(compare top versus bottom panels and this figufagure S3). (B) Similar combinations of
YFP fusion proteins were co expressed in wild-tipebenthamiana.Protein extracts were
subjected to-immunopreciptation (IP) was performéth anti-FLAG agarose beads followed
by immunoblotting (IB) with anti-FLAG and anti-HAnéisera. Anti-HA immunoprecipitation
followed by anti-HA immunoblotting was also perfath to detect HA epitope-tagged
fusions for confirmation of expression levels. @&miton of co-immunoprecipitated proteins
shows that only combinations with complementing Yfgments interact.

Rx-transgenic Tobacco

Rook: Rooko: Gus:
cYF cYF cYF
RanGAP2:cYHA
Rookd Rook6: Gus:
n¥F nYF nYF

Figure S5.

Requirement for NB-LRR specificity determination for HR elicitation by YFP complemented
Gp-RBP-1. The indicated combinations of YFP fragment fusion proteins were transiently
expressed by agro-infiltration in Rx-transgenic tobacco leaves as in Figure S4A. A lack of HR
is indicated by (-)
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Chapter 6

Abstract

Recently, a nematode effector (RBP-1) with a BIRPRY domain was described as
candidate avirulence factor recognized by the pategistance gene Gpaz2 in avirulent
populations of5lobodera pallida(Sacco et al., 2009). Domain exchanges between the
two highly homologous NB-LRR genes Gpa2 and Rx&liae RBP-1 recognition to
the LRR domains of these R proteins (chapter 3)further investigate nematode
recognition, the LRR domain of Gpa2 was dividea ifdur fragments and replaced
by homologous regions from Rx1. This resulted ie ithentification of 18 residues
required for nematode and RBP-1 recognition int@r@iinal fragment of 155 amino-
acids in Gpa2. Seven of these residues are prddiotbe in close spatial proximity
on the protein surface of the LRR domain. All RBRAriants from avirulent
populations elicit a hypersensitive response imiglaeexpressingspa2 Resistance
breaking populations d&. pallidasimultaneously express RBP-1 and RBP-1 variants
that do not activate Gpa2 mediated defense respétese we show that virulent
variants of RBP-1 inhibit RBP-1 activation of Gpai2ggesting a novel mechanism
for evasion and/or suppression of avirulence.

Introduction

Plants have evolved a complex multilayered immuwstesn for self-protection. The
first line of defense in plants, the PAMP-triggeisimunity, is based on recognition
of highly conserved and essential microbial molesu[PAMPS) at the interface of
plant and pathogen. Pathogens have evolved vam@ehanisms involving so-called
effectors to evade or to suppress PAMP-triggerechumity (PTI). Suppression of
PAMP-triggered immunity may lead to the activatioha second line of defense
based on the highly specific recognition of thes¢hpgen effectors, and which is
referred to as effector-triggered immunity (ETlatiogens have evolved yet other
effectors to interfere with effector-triggered imnity so that they achieve full
virulence again. However, these effectors alsoteneaw targets for novel recognition
specificities in the immune receptors encoded lgeRes. This phenomenon, which is
described in the zigzag model (Jones and Dangl6)2G6llows the gene-for-gene
concept of disease recognition specificity in regise genes (R genes) proposed by
Flor in 1971 (Flor 1971).

At present, more than 50 R genes are cloned fratougaplant species (van Ooijen et
al., 2007). Despite acting against a wide rangerwelated pathogens, most of the
immune receptors encoded by R genes share a simikenall architecture with
structurally conserved domains. The major clas® pfotein includes either a coiled-
coil or TIR domain at the N-terminus followed byethucleotide-binding (NB) and
ARC subdomains, and a leucine-rich repeat domdne. [Eucine-rich repeats in the
LRR domain at the carboxyl terminus consist of ER&LXxXLXLxXC/Nxx consensus
sequence with x representing a non-leucine resiflaeh of these repeats is separated
from the next one by a linker of variable lengtimkgbayar et al., 2004).

To date, six genes conferring resistance agaimstt garasitic nematodes, including
the potato gen&pa2 have been isolated from different plant species gverview
see chapter 2 of this thesis}paZ2 restricts in a population specific manner the
development of5. pallida TheRx1gene, which confers a resistance to potato virus
X, is located in the same R gene cluster. Both gdedong to CC-NB-ARC-LRR
class of R genes, and share more than 80% ovdsatity at protein level. Most of
the differences between Gpa2 and Rx1 are foungeilRR domain.
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Gpaz2 activation is determined by the c-terminus of the LRR and suppressed by virulent RBPs

It has been shown for several R proteins (Ellisalet 1999; Dodds et al., 2001,
Moffett et al., 2002) that the LRR domain is invedivin recognition of pathogen
elicitors with avirulence activity. Based on a segce homology to the LRR of the
porcine ribonuclease inhibitor the three-dimensliatraicture of the LRR domain in R
proteins is believed to be shaped as a horseshieh®rse shoe-like structure is built
from an inner series of parall@isheets consisting of conserved structural amiimb ac
residues forming the back-bone and variable solegpbsed residues that play a role
in protein-protein interactions (Jones and Jon@97) The sites of these solvent
exposed residues appeared to be subjected to ijiregsselection, which supports a
role for these residues in pathogen recognitionckimore and Meyers, 1998;
Mondragén-Palomino 2002; Butterbach 2007). The Heaotcal mechanism
underlying pathogen recognition in most cases esymed to take place through
indirect interaction with a pathogen effector.

Survival of endoparasitc nematodes within plantsdikely requires the evasion or
suppression of the plant’'s innate immunity. Althbugexperimental data to
substantiate this is scarce, proteins secretedeingmd early parasitic stages probably
contribute to this process. Recently, a family oftpins with a PRY-SPRY/B30.2
domain secreted (SPRYSECS) frdg rostochiensisOne of the SPRYSEC family
members was shown to interact with the LRR doméia GC-NB-LRR protein from

a susceptible tomatd@slobodera pallidaRBP-1 encodes a related secretory protein
with a SPRY domain. Transient expression of Gp-RBR-N. benthamianand N.
tabacum leaves elicited a@paz2dependent hypersensitive response (Sacco et al.,
2009, chapter 5). All Gp-RBP-1 variants found ire thvirulent population of
G.pallida (D383) elicit a Gpazdependent HR, while a virulent population
(Rookmaker) possessed two variants of which onedesl an HR while the other not.
A single amino acid polymorphism between virulend avirulent alleles determined
the presence or absence of the activatioBpd2dependent HR (Sacco et al., 2009).

In chapter 3 we described a structure-function yststlowing that a sequence
exchange of the LRR in Gpa2 for the LRR from Rxbhwarts a nematode resistance
gene into a virus resistance gene, and vice v&msavestigate which part of the LRR
domain of Gpa2 is required for the specific R protactivation, the LRR of Gpa2
was divided into four subdomains and each of tlseelomains was replaced by the
homologous part from Rx1. In total sixteen chimegombinations of LRR
subdomains were fused to the CC-NBS of Rx1 anedelsbth in an agroinfiltration
together with RBP-1 and in nematode resistanceyas¥de found that the region in
Gpa2 LRR (808-912 aa) required for RBPs perceptioto-expression experiments
in N. benthamiandeaves is also required for nematode resistangeotato roots.
Earlier work showed that Gpa2 resistance-breakiogufations still have RBP-1
variants capable of inducing a hypersensitive respan an agroinfiltration assay
together with Gpa2. Here we followed up on a hypsih that nematodes evade
recognition by producing modified variants of ett@s which lack avirulence activity
to outcompete or block homologous effectors witinid@nce activity.
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Results

RBP is recognized by the C-terminal end of the LRRIomain of Gpa2

In chapter 5, we demonstrated thabpa2dependent hypersensitive response can be
activated by the nematode effector protein RBRilchapter 3, it was pointed at the
LRR domain as the part of the Gpa2 protein involiadspecific nematode
recognition. This raised the question whether tH@PR-induced hypersensitive
response also depends on recognition by the LRRaotoai Gpaz2.

To further narrow down the fragment of the LRR @amin Gpa2 required for
specific RBP-1-induced HR, the LRR of both Gpa2)Y@dd Rx1 (R4) were divided
into three subdomains (ggg or rrr), including thbdéecks of five leucine rich repeats
each with a fourth fragment (G5 or R5) consistirffgttee acidic tail exclusively
present in Rx1 (Fig. 1). In total sixteen chimear@mnbinations of Gpa2 and Rx1 LRR
fragments were generated and subsequently fuseédet€C-NB domains of Rx1
(R13) or Gpa2 (G13) and tested in an agroinfibratiassay on leaves ofl.
benthamiana Most of the chimeric constructs fused to the CB-bf Gpa2 were
autoactive and were, therefore, excluded from &rrgtudies (data not shown).

A set of five non-autoactive LRR chimeras (Figwg)s agroinfiltrated intd\.
benthamianaleaves. Each construct was expressed with iRRBR a functional
orthologue of RBBss3.1 with avirulence activity from the avirulent nemdéo
population D383. RBkbhoke derives from a Gpa2-breaking populationGaf pallida,
which expresses diverse RBP variants. To test pleeificity of the response, the
Gpa2 non-activating RBf3ok4 variant from the virulent population &. pallidaand
GFP were used as a control. RT-PCR showed thabasitructs were expressed (data
not shown). None of the tested LRR chimeras gaveHBnin the presence of
RBProoks Whereas three out of five sub-LRR chimeras da&iltiean an HR when co-
expressed with RBRoke We observed no HR in the presence of RBRs for the
LRR chimera R13ggrG5 and R13G4R5. In R13ggrG5 tpha2d RR repeats 11-15
were replaced with the corresponding fragment ol,Rxhereas in R13G4R5 the
stretch of amino acids after the last LRR repe&Sma2 was replaced by the acidic
tail from Rx1 (Fig. 3).

An additional chimeric Rx1 construct (RRRRG), déssd by Rairdan and Moffett
(Rairdan and Moffett 2006) was also co-expresseld RBR:ooks and RBRooks 1IN
this construct, the inserted LRR fragment from Bx50 nucleotides shorter at its N-
terminal end than R13ggrG5. This RRRRG construith igsulted in a specific
response to RBRoke but not to RBRook4(data not shown). Therefore, we conclude
that the effector protein RBP fro®. pallida activates Gpa2 via the C-terminal
residues at the LRR domain between residues 808 Ehd
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Domain 1-3 (CC-NB-ARC)

Gpa2 (1) MAYAAVTSLMRTIHQSMELTGCDLQPFYEKLKSLRAILEKSCNIMGDHEBLEI | EVAYTTEDMVD
Rx1 (1) MAYAAVTSLMRTIHQSMELTGCDLQPFYEKLKSLRAILEKSCNIMGDHESBLEI VEVAYTTEDMVD

Gpa2 (71) SESRNVFLRNVGKRSRAMBFFVLEQALECIDSTVKQWMATSDSMKDLKPQTSSLVSLPEHDVEQPEN
Rx1 (71) SESRNVFLANLEERSRAMBIFFVLEQALECIDSTVKQWMATSDSMKDLKPQTSSLVSLPEHDVEQPEN

Gpa2(141) IMVGRENEFEMMLDQLARGGRELEVVSIVGMGGIGKARIIYSDFYIMSRFDIRAKATVSQEYCVRNV
Rx1 (141) IMVGRENEFEMMLDQLARGGRELEVVSIVGMGGIGKIKIMASDREIMSRFDIRAKATVSQEYCVRNV

Gpa2(211) LLGLLSLTSDEPIYQLABQ QKHLKGRRYLVVIDDIWTTEAWDDIKLCFAINGSRILLTTRNVEVAEY
Rx1(211) LLGLLSLTSDEPDQLAMIRLQKHLKGRRYLVVIDDIWTTEAWDDIKLCFPINGSRILLTTRNVEVAEY

Gpa2(281) ASSGKPPHHMRLMNFDESWNLLHKKIFEKEGSYSPEFENIGKQIALRCAIGILIAGLLSKISKT LD
Rx1 (281) ASSGKPPHHMRLMNFDESWNLLHKKIFEKEGSYSPEFENIGKQIALKRCEIGLVIAGLLSKMGQRD

Gpa2(351) EWQVANWRSVVSTRLEAKCMRVLALSYHHLPSHLKPCFLYFAAEDER YVNKLVELWAVEGFLNEE
Rx1 (351) EWRIGENVSSVVSTIPEAQCMRVLALSYHHLPSHLKPCFLYFATEDEQ SVNELVELWPVEGFLNEE

Gpa2(421) EGKSIEEVATCINELVDRSLISIHNVSFDGETQREGMHDVTRELCLREARNMNFVNVIRGKSDQNSC
Rx1 (421) EGKSIEEVATCINELI DRSLIFIHNFSFRGTIES CGMHDVTRELCLREARNMNFVNVIRGKSDQNSC

Subdomain 4A (LRR)

Gpa2(489) AQSMQSFKSRSRSIH NEEELVWCRNSEAHSITLCI FKCVTLELSFKLVRVLDLGITCPIFPSGVLS
Rx1 (489) AQSMRSFKSRSRRIHKVEELAWCRNSEAHSM. GG-ECVTLELSFKLVRVLDLGNTWPIFPSGVLS

Gpa2 LIHLRYLSLRFNPRLQQRGSKEAVPSSIIDIPL (592)
Rx1 LIHLRYLSLRFNFCLQQYQGSKEAVPSSIIDIPL (592)

Subdomain 4B (LRR)

Gpa2(593) SISSLCYLQTFKLYHPFPNCYPFILPSEILTMPQLRKLCMGWNYLRSHEPTENRLSLRCLNELNPRYC
Rx1 (593) SISSLCYLQTFKLNLPFPSYYPFILPSEILTMPQLRTLCMGWNYLRSHEPTENRLMLRCLNQLNPRYC

Gpa2 TGSH. RLFPNLKKIEVFG\KEDFRMKDLYDFRYLYQLKLAFSTYYSSSACFLKNTARGSTPQDPLRFQ
Rx1 TGSHRLFPNLKKIQVFG\PEDFRMNS(DLYDFRYLYQLELTFRLYYPYAACFLKNTABGST QDPLRFQ

Gpa2 M  ETLHLETHSRA'APPTD\PTFLLPP (755)
Rx1 T  El LHKEIDFGGTAP—— PTLLLPP (750)

Subdomain 4C (LRR)

Gpa2(756) PLOCFPQNLKSLTISGDFFLAWKDLSIVGKLPKLEMQLSHNARKGEEWEVVEEGFPHLKFLFSDY IRYW
Rx1 (751) PDAFPQNLKSLTRGEFSVAWKDLSIVGKLPKLEMLLSWNAR CKEWEVVEEGFPHLKFLFDVYIRYW

Gpa2 RASSDHFPYLERELSDCFYLDSIPRDFADITTLALIDI FRCQQSG@N (873)
Rx1 RASSDHFPYLER\LRDCRN_DSIPRDFADITTLALIDI DYCQQSVN (868)
Domain 5

Gpa2(874) SAKQIQQDIQDNYGSSIEVHTR YRNGAFLV-
Rx1 (869) SAKQIQQDIQDNYGSSIEVHHRFIPKSVTTVEDDDDSVTTDEDDDDDDFEKEVASCRNNVE

Figure 1.
Alignment of Gpa2 and Rx1 proteins with indicateddtions used to create a chimeric sub-
LRR swap constructs. The Gpa2 and Rx1 unique armidsaare displayed in black
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R13grgG5s
R13garG5

R13G4R5

CC-MBS RR 1-3 R13rrgG5

— Segments of Gpa2

Segments of Rx1

Figure 2.
Schematic picture of sub-LRR swap constructs usedjioinfiltration in leaves of
N. benthamianand potato transformation (except for RRRRG)

Rook-6 | Rook-4
G13G4G5 ﬁ* .
R13G4GS . .
R13rggG5s n -
R13grgG5 '% F?
R13rrgG5 m .
R13ggriG5 . _
R13G4R5 - ‘

Figure 3.

Phenotypes observed upon coinfiltration of chiméijga2/Rx1 constructs witks.pallida
avirulent (RBRook.g and virulent (RBR.o«.4q effectors. Pictures were taken 7 days post
infiltration.
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Gpa2 mediated nematode resistance is determined bye same LRR region

To investigate whether RBP recognition by Gpa2 #mel specificity of Gpa2-
mediated nematode resistance are depending orathe iegion in the LRR domain,
we tested four LRR chimeras described above foratede resistance. We generated
transgenic potato plants carrying the construct8 ®R5, R13ggrG5, R13grgG5 and
R13rggG5 expressed from the CaMV 35S promoter. RR-Followed by sequencing
of the PCR products confirmed that all the conssrweere properly expressed (data
not shown). Two independent transgenic lines welected for each construct and 8
replicates of each line were challenged with theuéent population ofG. pallida
(D383). Transgenic plants carrying the completeogan sequence of the Gpa2 gene
(GPAII::Gpa2) and the pBIN+-empty vector were usedcontrols. The nematode
infection assay was performed vitro and the number of developed females was
counted 6 weeks post inoculation (Fig. 3 and 4an®l transformed with the empty
vector were fully susceptible to nematodes resullitman average of 226.45) fully
developed adult females per plant. Plants exprgdbim Gpa2 gene were resistant to
G. pallidaD383 as no adult females did develop. Plants toamed with R13ggrG5
and R13G4R5 harbored 17.75 (£-3.3) and 17 (x-218y developed adult females
per plant, respectively (Fig. 4). In contrast, ttRR chimeric constructs R13rggG5
(0.88+1.05) and R13grgG5 (1.28+1.25) were resigamtematode infections. These
results demonstrate that the recognition of the RBEffector protein in an
agroinfiltration assay on leaves df. benthamianacorresponds with specific
nematode resistance in potato to the avirulent ladipa of G. pallidaanddetermined
by the same region in the C-terminal end of the Lld®Rain of Gpa2.

Gpa2 specific residues involved in recognition mapn the surface of the LRR
domain

The LRR domain of Rx and Gpaz2 is the most variglale of these proteins and most
differences accumulate especially in the C-terminalf of this domain (van der
Vossen et al., 2000; Bendahmane et al., 1999).iAwiae alignment of the region
808-912 in Gpa2 and Rx1 revealed the presence afriifo acid substitutions in the
leucine-rich repeat part and 9 amino acid subsiitstin the most distal C-terminal
end of the Gpa2 protein, corresponding to the regizcoding for the acidic tail in Rx
(Fig. 5).

To investigate how these residues involved in RB& mematode recognition
are positioned in the protein structure, we mad®raputer aided 3D model of the
LRR domain of Gpa2. Figure 6 shows that the LRRGp&2 is forming as a typical
contiguous horseshoe. The critical step in modelmgLRR domain of Gpa2 was to
locate the correct positions of the LRR motifs gldine sequence. Whereas Rx1 has a
truelrr motif in the first repeat (507-512aa), Gpa2 hamgerfect firstirr - with the
first L in LxxLxL replaced by a glutamic acid - syesting that either the entire
domain is shifted or at least the filgt distorted, as often happens in marginal repeats
of other documented LRRs. We mapped the physicotidae variability of amino-
acids (using BLOSUM®62 similarity matrix) and théesundergoing positive selection
(DNA analysis Butterbach 2007) onto the Gpa2-LRR r8bdel. The LRR domain
appears to be divided in two parts by a plane |grta the horseshoe which passes
through the middle of thier motif, separating the Lxx parts and xxN partshe brr
motifs. Both the variability and positive selectipattern show a strong separation
between Lxx and xxN regions with a strong bias talsdahe xxN part of the Irr motifs
in the LRR domain. This suggests that the xxN s@rfia most probably responsible
for the specific protein-protein interactions.
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Figure 4.

Nematode resistance assay on transgenic potatts ftdiected with the aviruler®. pallida
population D383. Transgenic plants harboring GpBRA clone (Chapter 3) were used as
resistant control, whereas empty vector plants E&te used as a susceptible control. Two
independent transgenic lines were used per intfd-téhstruct and 8-10 replications per line.
Plants were scored as resistant if the average ewofbdeveloped adult females was lower
than eight.

Subdomain 4C

LxxLxLxx (LRR 11) LxxLxxLxL (LRR 12)
Gpa2 (756) PDCFPQNLKSLTFSGDFFLAWKDLSIVGKPKLEVLQLSHNARKCEEWEVVEEG
Rx1 (751) PDAFPQNLKSLTFRGEFSVAWKDLSIVGKPKLEVLI LSWNAH GKEWEVVEEG

LxXLXLxxNxL (LRR 13)
Gpa2 (810) FPH_KFLFLDSI YI RYW (826)
Rx1 (805) FPH.KFLFLDDVYI RYW (821)

LXXLXLXXNxXL (LRR 14) LxLxxLxxN (LRR 15)
Gpa2 RASSDHFPIYERLFLSDCFYLDSIPRDFADITTLALID | FRCQQSYAN (873)
Rx1 RASSDHFPIYERVI LRDCRNLDSIPRDFADITTLALID | DYCQQSWN (868)

Domain 5

Gpa2 SAKQIQQDIQDNYGSSIEVHTRYRNGAFLV.
Rxl  SAKQIQQDIQDNYGSSIEVHHRFIPKSVTTVEDDDDSVTTDEDDDDDDFEKEVASCRNNVE

Figure 5.

Alignment of the Gpa2 C-terminal region, consistirfgthe most distal leucine rich repeats
(subdomain 4c) and a C-terminal extension (domgiof Binknown structure. The amino acid
residues unique for Gpa2 are highlighted. The QfRR fragment which was shown to be
irreplaceable for Gpa2 functioning, is underlinattl aspecific Gpa2 amino-acid residues
mapped on the protein surface in Fig. 6 are coloregieen and bold.
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Mapping of the Gpa2-specific residues on the sinecmodel of the LRR of Gpa2 showed
that seven reside within the leucine-rich repeats shape into a single cluster at the concave
surface of the horseshoe-like structure of the ldRRain. It is known that this surface serves
as a platform for protein-protein interactions dmahce, this cluster of Gpa2 specific residues
at the C-terminal end could be directly or indingtte involved in the specific recognition of
the cognate effector protein RBP-1. The most CHteathregion of Gpa2 protein after the last
repeat of the LRR was not included in the modehkhbse this stretch of amino acids does not
have any known structure and no template for modelvas found, but it still might be
involved in RBP-1 recognition as shown in the fumcal assays.

Figure 6.

Sequence mapping onto the Gpa2-LRR 3D model. Thadtations separating Gpa2 from Rx in the
region 808-903 are represented with yellow dote VBO7E mutation affecting the stability of the
first LRR motif in Gpaz2 is shown in purple.

A. Shows in red the positively selected sites (Bhbtteh 2007) mapped onto the 3D model.

B. Shows the aminoacid variability mapping of the family (Butterbach 2007). This is shown in
color scale varying from blue (conserved) to reagtvariable). As can be seen positive selection
results in unequal variations of the physical prtes of the surface.
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Loss of function mutation in RBPs localizes to therotein surface
To better understand the structural basis of thgaifstant functional differences between
RBProoks and RBRooks,two computer aided 3D models were built to pin ddiha location
of the S/P mutation. The RBP-1s isolated fr@en pallida were identified having a
B30.2/SPRY domain, which are distorted beta sarulgionith a core of antiparallel beta-
strands connected by highly variable loops simjlad SPRYSECs ofG. rostochiensis
(Rehman et al., 2009). A protein sequence alignmmERBP-1s with SPRYSECs showed an
uneven distribution of the sequence similaritieegi@ns with a nearly perfect match are
interspersed with highly diverse regions. Appasenthe overall framework of the SPRY
domain is conserved in both RBP-1s and SPRYSEGEwantherefore could use the three
dimensional protein structure model of the SPRYSREhman et al., 2009) to localize the
residues associated witkpa2dependent HR-induction in RRBoks Interestingly, all
sequences of. pallida RBP-1s (Chapter 4) have a repetition of a 25 anaicid stretch,
ACDTCLTLSETERRLMIVEYTKADW, twice, at positions 37mal 62. These were called the
N-terminal extensions, NTE1 and NTE2 respectiveig.(7). And while NTE2 overlaps with
the beginning of the GUSTAYV template, NTE1 does not

The secondary structure prediction indicates thBE&Nhave a strong propensity for
extended beta-strand formation, which is confirnigdthe local configuration of NTE2
template into the GUSTAV structure. In additiorg ttontact propensity profiles of NTE1 and
NTEZ2 are very high, suggesting putative extendedamts with the rest of the beta strands of
the core of this fold. Besides, sequence profiltgws that the stretch linking NTE1 and
NTE2 has a high accessibility propensity suggestingossible fold-over of this repeat,
forming a contiguous extended beta sheet with tine.c

Sequences of both virulent and avirulent RBP-1ardas from Rookmaker (RBBok1
until RBProoke) are highly similar with only 5 mutations in 24wimo acids (i.e. Q/K°,
M/127 HIRY? S/P®® and L/S®Y). However, only the proline to serine substitutairposition
166 (in RBRookzand RBRooks) is absolutely correlated with a loss@pa2dependent HR
in RBP-1 variants. This S to P mutation is the amig that in RBPdookathat is predicted to
be in the so-called extended beta strand configurathe extended beta strand configuration
is lost in RBP-%ooksdue to the presence of proline instead of serimp@sition 166. Hence, a
loop was generated at this position and furtheneef using the different phi/psi values in
RBP-Irooks and RBP-%ooks to fulfill the constraint suggested by our secomdstructure
predictions. Consequently, a serine at positiondlifvs the elongation of the short extended
stretch in this region, while a proline at this ijfios forces a bend, which will induce a
significant local change in the so-called surfaceofAthe structure of the RBP-1 protein
(Rehman et al., 2009). As seen from Fig.7, the Bl@itation decreases significantly the
local contact forming surface in RB&bks, as compared to the virulent R&dk4.

The complete RBP-1 polypeptide is required for actiation of Gpa2

Ten RBP-1 variants have been identified in virulant avirulent populations @. pallida
consisting of a central PRY-SPRY domain of 130 dess with an ancillary N-terminal
extension of 142 residues (Pro-domain software).inbestigate whether either the PRY-
SPRY domain in RBP-1 or the N-terminal extensianalis able to activate Gpa2-dependent
HR we generated two constructs to express thenraepain plants. However, co-expression
of neither the N-terminal extension nor the PRY-SRf®main alone with Gpa2 resulted in a
hypersensitive response IN. benthamianaleaves (data not shown). In addition, co-
expression of Gpa2, the N-terminal extension, dmel PRY-SPRY domain in a single
infiltration assay did not lead to a HR suggestihgt the N-extension and the PRY-SPRY
domain of RBP cannot trans-complement each other.
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Figure 7.

3D models of RBR,ok4 (A) and RBR.oks (B). The magenta box encloses the surface A lodpke

the red box encloses the BC box C-terminal helixe B surface consists in the blue loops and is
extended by the two cyan loops from NTE1 and NTH# last light magenta loop in the A surface is
the loop added by the N-terminal extension. Thel&p is in yellow with the S and the P represented
as sticks in magenta. Positively selected aminsaanid showed in dots.

RBP variants from virulent nematodes suppress Gpa#2lependent HR

The avirulent RBP-dooks and virulent RBP-dooks Variants are both expressed in (hpa2
resistance-breaking Rookmaker populatiorGofpallida To investigate why this resistance-
breaking population is not recognized Bpa2 we tested two hypotheses. First, as the
Rookmaker is a field population, it may contain axtore of virulent and avirulent
individuals. Therefore, we assumed that avirulerdiviiduals can be selected out when
developing on a resistant plant thus reducing #terbgeneity of RBP-1 variants within a
population. To verify this, we collected fully déwped adult females of the resistance-
breaking strain from roots of tl&paZ2resistant potato. The composition of RBP-1 vagant
these females was then compared with the RBP-lantaripresent in the pre-parasitic
nematodes used for inoculation of the roots toit@&sdeed selection had occurred. If the
Rookmaker population had been a mixture of viruland avirulent genotypes, we would
expect to eliminate genotypes having the RRBoks variants and other HR inducing RBP
variants (1, 2, 3, and 5) with a proline residuepasition 166. Around 100 young adult
females were pooled for genomic DNA extractionatidition, the progeny of the females,
which were harvested from resistant roots, were trseinoculation of fresh resistant roots to
obtain the next generation of virulent adult fersal#/e used nested PCR to increase the
amplification specificity because of the high abamce of SPRY containing genes in the
nematode genome. The PCR products were cloned aaddam sample of 96 clones was
sequenced from two successive nematode generatmsound the same Gpa2 activating
RBP variants in the Rookmaker population before after reproduction on Gpa2 resistant
plants suggesting that no selection against thartdReing RBP-kooks had taken place (data
not shown).

Secondly, we investigated the hypothesis that tlaetive RBP-1 variants from the
resistance-breaking Rookmaker population are capablsuppressing the HR induced by
RBP-Irooke Again, when Gpa2 was co-expressed with RBRkdin N. benthamiandeaves
a strong HR was clearly visible in the infiltratedtch at 3 dpi. Remarkably, co-expression of
Gpa2 and RBPboks did not elicit a strong HR anymore when either RRE). or RBP-
lrooks, O @ combination of both, were included in the lirdtion mix (Fig. 8 A-D). We
excluded that the suppression was the result dbiaath of each component in the infiltration
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mix by testing all combinations with the same baateconcentration while compensating
with a GFP construct to achieve a same transgexk |lo

To investigate whether RREy2and RBRookshad an inhibitory effect down- stream
of the Gpa2 immune receptor, we also tested trextetif inactive RBP-1 variants on the HR
induced by Rx1 and its elicitor coat protein CP16&. 8 B) and an autoactive chimera
GpacnsRXrr (Fig. 8 D). Including RBP-ook2 Or/and RBP-&qoksa in the infiltration
mixtures did not affect the HR mediated by Rx1 &mel autoactive mutant of Gpa2. Co-
infiltration of Infl from Phytophthora infestansvith either RBRgok2 OF RBPkooka did not
suppress the HR induced by this elicitiflNnbenthamiandeaves eithe(Fig. 8 C). Therefore,
the observed suppressive effect of RBRsk and RBP-kooks ON Gpa2-dependent HR is
mediated most likely through the Gpa2 protein amd by interfering with conserved
downstream signaling pathways.

Gpa2+ Gpa2 +
GpaZ Rook-6 Rook-6
[ | # .
= "
Rook-6
GpaZ+ Gpa2+
A  Rook2and 4 Rook 2. 4.6
Rx1 + Cp106 +Rook 4 Inf1 G13R45 +Rook 4

f +Rook 4

r r i ‘ ‘_'l .
E!& &
' W

B +Rook2 and4 C ’i.ﬁkz and4 D

Figure 8.

Suppression of Gpa2 mediated HR (A) triggered upmognition of RBRyoks by RBRkook2 and
RBPRook—4

This effect was not observed for HR triggered e/ Bhgene-effector combination Rx1-Cp106 (B), the
elicitin Infl (C) or an autoactive chimeric constrG13R45D).

+Pook 2 and 4

Discussion

Rx1 and Gpa2 are two neighboring and highly simriésistance genes from the same R gene
cluster in potato, which recognize two completeiffedent pathogens. Rx1 recognizes the
coat protein from the avirulent strains pdtato virus X(PVX) and recognition is lost by a
single amino acid substitution in the coat protfrihe resistance-breaking strain. Recently,
we showed that RBP-1 effectors fro@. pallida activate a Gpa2-dependent HR kh
benthamiandeaves (Chapter 5). Here, we report that Gpa2gration of its cognate effector
RBP-1 is determined by a stretch of approximatelg bundred residues located at the C-
terminus of the LRR domain. The same C-terminaloe@f Gpaz2 is required for nematode
resistance to the avirulent population D383zofpallidain potato and hence, Gpa2-mediated
cell death induced by RBP correlates with Gpa2-atedi nematode resistance. Strikingly,
nematodes from the resistance-breaking populatiookRaker express both active RBP-1
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and inactive RBP-1 variants. We found that RBP-ftiavas from the resistance-breaking
population Rookmaker with a serine at position fi@dead of a proline are able to suppress
Gpaz2 activation by RBP-1.

The LRR domain determines recognition specificityn Gpa2

Our agroinfiltration experiments iN. benthamianaand the nematode resistance tests in
potato with the Rx1 and Gpa2 LRR domain chimerasweld that the Gpa2 recognition
specificity is determined by the C-terminal endleg LRR domain. Despite a high homology
between Rx1 and Gpa2 protein our experimental siaggest that a similar but not identical
region of LRR is required for pathogen recognitibar Gpa2 the LRR region between amino
acids 808 and 912 is irreplaceable, whereas thegRatkin did not recognize the virus coat
protein when the LRR fragment (amino acids 593-98/8s replaced with the Gpa2
corresponding part. Additional difference in RxXJdaapa2 recognition platform is the acidic
tail, which can be deleted without disrupting thelRunctionality (P. Butterbach and J.
Roosien, pers comm). As opposed to Rx1, the GpaZeipr is very sensitive to any
modification at its C-terminus, because fusion &PGr other affinity tags as well as deletion
of the 3'UTR (see chapter 4) results in the loskinttion of the gene.

Our finding that Gpa2 recognition specificity ressdin the C-terminal half of the LRR
domain is in line with other studies with NB-LRRnmne receptors, suggesting that the LRR
domain can be functionally divided in two subdonsaifhe C-terminus seem essential for
pathogen recognition, while residues in the N-termiof the LRR are probably involved in
intramolecular interactions with the adjacent AR@nain to maintain the R protein in an
inactive stage (Rairdan and Moffett, 2006; cha®ewof this thesis). Specific effector
recognition via the C terminus of the LRR may tegg conformational change, which allows
a change in nucleotide-binding status of the pnotmd the binding of other molecular
components to achieve down-stream disease resssagtaling (Moffett et al., 2002; Hwang
and Williamson, 2003; Takken et al., 2006). Ouwvmes data on Gpa2 supports this model,
for Gpa2 is kept in self-inhibitory state in thesahce of nematodes as was shown with
several domain exchanges between Rx1 and Gpa2n¢eddi autoactivity (Rairdan and
Moffett, 2006).

It has been shown for several R proteins (Ellialgt1999; Dodds et al., 2001; Moffett et al.,
2002) that the LRR domain is involved in directidirect interaction of pathogen elicitor.
The ability to recognize RBP is encoded in thedess between sites 808-912 of Gpaz2,
including LRR 13 to 15. In this region ten residueghin the leucine-rich repeats and
additional 9 amino acids at the 3’ end of the protge different from the same region of the
Rx1. When these residues are projected on the 3@ehaf the Gpa2 LRR most of them,
while appearing randomly dispersed in the primaggugence, map to the protein surface
creating a potential recognition site for RBP.dstbeen shown that this region of the LRR is
subject to positive selection (van der Vossen gt28l00; Bendahmane et al., 1999) which
provides additional support for a role of the Qxigmus of the LRR in determining pathogen
recognition specificity. The patterns of positivedestion in the set of RBP-1 variants (chapter
5) suggest that the nematodes apparently benefit & loss of recognition by Gpa2. The
recently characterized SPRYSEC19 fr@nrostochiensislso exhibits footprints of positive
selection in surface A of the protein. Interestyindhe residues under positive selection are
located in two regions of RBP-1, viz. surface A ahd N terminal extension, which may
suggest that RBP-1 may interact with two differertteins.
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Is RBP recognition based on a direct interaction wh the LRR of Gpa2?

Rehman and coworkers (2009) have shown a direetaction between SPRYSEC19 — a
homolog of RBP-1 irG. rostochiensis and the C-terminal leucine-rich repeats of tfRRL
domain of the CC-NB-LRR protein SW5F. We have ugealst-two-hybrid to test whether a
direct interaction between the LRR of Gpa2 and RBRs RBProoks and RBRBssstakes
place as well. To this purpose a Gpa2 LRR fragrfemino acids 800-912) was used as a bait
to test for interaction with the RBP variants, udihg several controls. None of the
combinations, except for the positive control, sedvan interaction in yeast (data not shown).
While the direct interaction between this regionGga2 LRR and RBPs was not evident in
this yeast-two-hybrid experiment, the possibilifyaodirect interaction in planta cannot be
excluded. We have tested only a fragment (800-@)2o&the LRR for an interaction with
RBP-1 variants. Perhaps a full-length LRR is neasgstor physical binding or this fragment
may require the presence of CC-NB-ARC domains fayper folding and sensing the
nematode effector. The Gpa2 protein in plant celisst likely exists in a multiprotein
complex with other proteins such as RanGAP (Sac¢cal.e 2007). The absence of these
interactors in yeast could influence the bindingamaty of the LRR to RBP-1 variants. A
similar phenomenon has been observed before wathfé&twhich the active conformation of
Pto proteins was essential for AvrPto binding (Xetal., 2007). We therefore cannot exclude
that binding of RBP-1 to Gpa2 occurs but only wh@&pa2 protein is in the proper
conformation.

S166P mutation changes the shape of surface A in RBrotein

Because the autoactive mutants Gpa2 is not sugardssthe inactive forms of RBP-1, the
mechanism of suppression or inhibition likely opesaon a functional Gpa2 protein, but not
on Gpaz2 activated signaling. When a similar expeniis done with Rx1 and the coat protein
of the breaker strain of PVX, which differs onlyaone residue from the avirulent strain, this
suppressive effect is also not observed. Furthegareh is required to resolve the mechanism
of possible competitive interactions of the actarel the inactive RBP variants on the Gpa2
protein. Essentially, there are two models thatld&axplain this phenomenon. First, the
inactive variants could physically out-compete #Hutive RBP for binding at the target of
RBP. The binding target could be directly in Gpa@t@n or in the virulent target monitored
by Gpa2. Alternatively, the inactive RBP may inept RBP by forming an inactive
heterodimer complex rendering it essentially unctetde for the Gpa2 immune receptor.
Interestingly, the differences betweé&h rostochiensisSSPRYSECs ands. pallida RBP-1
SPRY sequences are mainly located on surface Weistructural models of the proteins. Five
out of seven loops of surface A are significanilfjedent among these closely related SPRY
proteins. This may suggest that specificity of éh@soteins is linked to the properties of
surface A. The SA®% mutation is mapped in one of the loops formingfae A. This
conformational change is apparently crucial for RBfognition and Gpa2 activation
(Chapter 5) and in agreement with a competition ehad which serine RBP-1 variants are
able to outcompete the GpaZ2 activating P variaptarbincrease in their interaction surface
with a host protein.

Having the model allowed us also to understand thieytruncated RBP-1 constructs
(SPRY domain alone or the N-terminal extensionethto initiate the Gpa2 dependent HR.
N-terminal extension creates an additional loolRBP-1 protein. By adding a loop the N-
terminal extension repeats NTE1 and NTEZ2 increasestrface A of the PRY-SPRY domain.
This surface is known to interact with other proge{Nicholson 1998). Therefore, removing
this extension from the protein, although it miglat disrupt the core, splits the interaction
surface and compromises RBP activity.
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Inactive RBP variants cause loss of avirulence inematodes

The question, however, is whether the nematodes the breaker populations have evolved
inactive RBP-1 variants to loose avirulence, or tvbethis phenomenon is an artifact created
by our experimental design. Remarkably, we fourat the resistance breaking population
expressed both active and inactive forms of RBPQse could argue that since this
Rookmaker as a field population, not a pure lingioated from a single female, might
comprise of largely virulent individuals with a sinaroportion of avirulent individuals
accountable for the active RBP-1s in the samples.did not find supporting evidence for
such a mix of virulent and avirulent genotypeshia Rookmaker population, because females
collected from roots of Gpa2 resistant potato esggd the same RBP-1 variants as
individuals used for the inoculation. This might éeplained by the fact that the late and
relatively mild syncytium degradation in Gpa2 rofgse chapter 4) put no selection pressure
on males and avirulent genotypes are maintain envihulent population. RBP-1s were
identified based on amplification from RNA extrattdrom pooled individuals and
sequencing of 96 clones, where different RBP ckasgere differently represented. Inactive
RBPs were found in 10 clones from 48 sequencedeslami Rookmaker juveniles. Active
RBP variant Rook-6, which is the strongest activatoGpa2, was identified as a singleton
among 48 sequenced independent clones, which chraia that the strong avirulence are
maintain in the virulent population, but at a leavéls.

Phytopathogenic bacteria deliver a cocktail of @ffes via their type Il secretion
system into the host cells. These proteins are knmwmanipulate the plant immunity using
various mechanisms like subverting host ubiqutoratsystem, modulating host proteins,
transcription machinery, or hormone signaling (eexed in Cuhna et al., 2007). Survival of
endoparasitc nematodes within plant roots requimesplant immune evasion and proteins
secreted in pre- and early parasitic stages matribate to this process. Few examples of
immuno suppressive effectors have been reportedrfional parasitic nematodes (Giacomin
et al., 2008) Additionally, a chorismate mutase secreted by ogshatodes was shown to
play a role in altering host defense responseteticby nematode infection and has been
associated with R gene based immunity (Lambertl.et2805). The potential function of
secreted proteins similar to SKP-1 and RING-H2wa#l as ubiquitin extension proteins
(Davis et al., 2004), (Baum et al., 2007) suggdsis nematodes may actively and selectively
regulate host cell protein degradation to theirapiic advantage. Finally, a similar
suppressive effect as described in this studyffemematode effector RBP-1 is demonstrated
for Fusarium oxysporunmmaces expressing Avrl next to Avr2 and Avr3, whaok able to
colonized plants possessing two functional R getizsand I3 (Houterman et al., 2008).
Surprisingly, in case of RBP-1 the suppression seenact specifically on its own cognate
immune receptor Gpa2.
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Materials and Methods

Domain-swap constructs

An unique conserved Apall site at the beginninghefLRR region (Domain4 and 5) and a Pstl site at
the end of the LRRs of the Gpa2 and Rx1 encodigmpmne allowed exchange of the ApaLl-Pstl LRR
fragments resulting in R1-3G4G5 and G1-3R4R5 svimp&RAP, pRXI and pGPAIl. The sequence of
the LRR domains of Rx1 and Gpa2 carries conseresttiction sites before the first LRR repeat
(ApaL 1), after repeats 1-3 (Cla 1), 4-9 (Acc Idpnd 10-14 (EcoR I). The C-terminal end after thdRLR
repeats (domain 5 (G5 or R5) is delimited by Pgding these enzymes in combination with the
unique Asc | or Pac | in the pRAP vector, gene sagmfrom the Gpa2 LRR can be introduced into
the Rx1 background and vice versa. In the nomemdaif the constructs lowercase g or r are used to
represent the LRR segments. So G1-3rgrR5 contdiesCC-NBS of Gpa2, then ApalLl — Cla |
(LRR1-3) from Rx1, Clal-Acc Il (LRR4-9) from GpaZ2cc llI-EcoRI (LRR10-14) from Rx1 and the
C-terminal segment (EcoR I-Pst | from Rx1. OthetrarLRR swap constructs were created in a
similar way.The swap constructs were introduced the binary pBIN+ vector using the unique Ascl-
Pac | sites and were finally transformeddiggrobacterium tumefacierisr expression studies in plants.

Agrobacterium-mediated transient transformation

Agrobacterium tumefacienstrain pMOG101 (Van der Hoorn 2000) was transfatméth binary
(pBIN+) constructs and grown in YEB medium. Cellgrey pelleted and resuspended in Minimal
Medium for Agrobacterium(MS, 10mM MES 2% sucrose, pH 5.6) and infiltraggdOD50=0.5 into
leaves of four-week oltllicotiana benthamiana

Agrobacterium-mediated stable transformation of poaito

Agrobacterium tumefacienstrain pMOG10 was transformed with binary (pBINegnstructs and
grown in YEB medium. Bacteria cultures were usedtremsform the diploid potato line V as
described by (van Engelen, Schouten et al., 1994).

DAB staining
Agroinfiltrated leaves oN. benthamianavere vacuum infiltrated for 20 minutes in 1mg/m8’3
diaminobenzidine in PBS and discolored in pre-war®@% Ethanol of 6.

Yeast two hybrid screening

The MATCHMAKER two-hybrid system 3 (Clontech) wased to construct bait and prey constructs.
A segment of the Gpa2 LRR (1990-2455 nt) was cloaedBspel-BamH1 fragment into pGADT7
vector (bait) andG.pallida RBPs (Rook-4, Rook-6 and D383-1) were cloned af Roducts
amplified with primers ForXbal and RevBam into pGBKvector (prey). Yeast (AH109) cells were
transformed with combinations of generated bait ey vectors, empty vectors as control according
to the protocol from Clontech. Transformants weedected on plates deficient in Leucine and
Tryptophan, respectively. Selected yeast coloniesewspotted on plates lacking histidine and/or
adenine to verify protein interactions. As alteivatmethod to confirm interactions, yeast cells co-
transformed with both pGADT7 and pGBKT7 vectors asdayed with LacZ blue-white screening
(Chien 1991).

Nematode resistance assay

In vitro cultures of transgenic lines and wild type potaitnes were grown in Petri dishes on B5
medium and 3 week old roots were inoculated wirgarasitic second stage juveniles (J2) of potato
cyst nematode&lobodera pallidapathotype Pa3 (Rookmaker) and Pa2 (D383). J2 haehed from
dry cysts in filter-sterile potato root diffusatde( Boer et al., 1992). Collected J2 were surface
sterilized using 0.5% (w/v) streptomycin-sulphate @enicillin (Duchefa) for 20 min. and 0.1% (w/v)
ampicilin-gentamicin (Sigma) for 20 min, and 0.1c#dorhexidine-digluconate (Sigma) for 3 minutes.
After final rinsing with sterile tap water approxately 300 individuals were transferred to the rgu

and plates kept for 4 weeks af@8n dark.
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RBP-1 variants in females selected on Gpa2 plants

Wild type potato genotype containifgpa2 gene grown in vitro was inoculated with sterilized
juveniles ofG. pallidapopulation Rookmaker. Six weeks after inoculafemales which appear from
the roots were collected and pooled for genomic Dak&action. This extracted DNA was used as a
template for nested amplification with Gpa2RBPMfbex (5 -
CTCTAGACCATGGAGTCGCCAAAACCAAAC-3) plus GpaRBPMstétev (5 -
GGATCAGCAAACCCATCATAAATTCTCG-3) and in the secondound RBP101for (5'-
GGAATCCCGAAGCATGTGAC) plus GpaRBPMstopRev. PCR duot of the second round of
amplification was cloned into TOPOZ2.1 vector (Inegfen) and sequenced.

Computer aided modeling of the Gpa2 LRR domain

For pattern and profile searches and domain retognwe used the InterPro programs that uses
Pfam, Prints, Prodom, SMART, TIGR and Prosite dasak (Mulder 2007).

For the secondary structure prediction, the follmyvprograms best ranked by CASP4 experiment
were used: GOR IV (Ellis 1994), Jpred (Cuff 1998NN (Guermeur), PROF (Ouali 2000), Porter
(Pollastri and McLysaght, 2005), SOPMA (Geourjo®30 NNPredic{Kneller 1990), PsiPreflones
1999). For inter-domain linker prediction, DLP wased (Miyazaki 2002).

For contact forming and accessibility propensitpfies ACCpro (Pollastri 2002) and CMAPpro
program were used (Pollastri 2001).

For sequence to structure alignment and refinegatting special in-house software SLIDE
was used. LRR modelling protocol used a suite apscand programs developed in-house which
includes SLIDE.

For the refined modelling Insight Il software pag&grom Accelrys was used. The Homology
module was used for coordinate transfer and loogigion. Local simulated annealing and energy
minimization during modelling steps were perfornveithe Discover module with cvff force field.

Based on the consensus sequence, the variability giten position in the sequence was
defined as the average of the Blosum62 substitutiatrix values between every sequence and the
consensus.

M(S,.C))
2

S - sequencg C - consensus sequenge,position

, where

These values were scaled to the limits of b-factorpdb files, which reflect the local structural
disorder. In this way similarly to the b-factor aplcode, a 3D mapping of sequence variability was
obtained in which with increased variability colshifts from blue (highly similar stretches) to red
(highly variable stretches)

Sequence characterizatiomo delimit the Gpa2-LRR domain boundaries domaimkdr
prediction has been performed. Because DLP methitatifto predict linkers between Gpa2 domains,
Rx family sequences were scanned against Intergiabese collection. Although 513 was set as the
first aa position of the LRR in Gpa2 (SUPERFAMILWtey SSF52058), for convenience of
modelling we chose 505 as the first aa position.

Locate LRR motifsThe critical step in modeling the LRR domain of Gpeas to locate the
correct positions of the LRR motifs along the sewpae To this end all the putative motifs of theyédr
sequence were identified.

Template identification and modellinglthough fold recognition returns hits comprisingy o
LRR domains such as": 2z7xA - 38p1ziwA - 5.3¢”; the alignment with these sequences show
signifficant insertions at the level of many reeatith severe gap penalty. To overcome this praoble
we rather used used an alternative approach cimgsist modelling locally group of repeats starting
from the best local template, followed by assentptimese fragments in an overall mod&dllowing
this protocol Schizosaccharomyces pombe RNALP J1f3@s taurus decorin (1xku) and human Toll-
like R3 (2a0z) have been found as the best tengphaid used as follows: -} 2-5 (aa507-6263-
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1yrg(62-188); -b)rr 6-8 (627-700)~ 1xku(102-172); -c) fotrr 9-10 (701-765) 1yrg(246-304); d)
for Irr 11-15 (766-903)~ 2a0z(409-540)The four local template fragments were superimpadeag
their Irr motifs to form a continuous LRR framework and gtendard remote homology modelling
procedures were applied. The model LRR-Gpa2 modeal ten refined using repeated rounds of
simulated annealing and energy minimization.

Model analysisThe overall properties of the model such as theature and the twist were
first collectively acquired from the templates byoadinate transfer and then refined by minimizing
the energy of the whole structure.

Computer aided modeling of RBP

Fold recognition was carried out with Phyre (Bdbthevsey 2008). Patterns, profiles and domain
recognition were performed with InterPro, basedPéam, Prints, Prodom, SMART, TIGR and Prosite
databases (Mulder et al., 2007). Secondary strigitediction was profiled with Jpred (Cuff et al.,

1998), HNN (Guermeur, ), PROF (Ouali and King, 200@rter (Pollastri and McLysaght, 2005),

SOPMA (Geourjon and Deleage, 1995), NNPredict (Kmeét al., 1990), PsiPred (Jones 1999).
Contacts and accessibility propensities were mofilvith ACCpro (Pollastri et al., 2002) and

CMAPpro (Pollastri et al., 2001). DLP (Miyazaki at, 2002) was used for inter-domain linker

prediction. Sequence to structure alignment anthedfthreading were performed with SLIDE a

special software developped in the lab. The refigledbal model generation was carried out with
Insight Il from Accelrys. The Homology module wased for coordinate transfer and loop generation.
Local simulated annealing and energy minimizatiamirdy modelling steps were performed with

Discover cvff force field.

Domain identification: Rookmaker and D383 sequerfces G. pallida were identified as
being B30.2/SPRY domains, pfam00622 and smart0O044&h are distorted beta sandwiches with a
core of antiparallel beta-strands connected bylhigariable loops. Sequences from both virulent and
avirulent Rookmaker populations - Rook4 and Roo&6e-highly similar with only 5 mutations in 250
aminoacids: Q/K°, M/I*?", H/IR**? S/P*®and L/S.

Template identificationfold recognition returned as the best hit Dros@philelanogaster
GUSTAVUS protein (PDB code - 2fnj) with an e-valog 2.9E™. Also 2afj, 2vol and 2fbe were
100% estimated precision hits. The template argetasverlap over a region of 187 aminoacids that
do not comprise an N-treminal stretch of 59 aaaolR4 and 61 aa in Rook -6.
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Chapter 7

Introduction

The most crucial aspect of plant, and any othandivorganisms, survival is the ability to
distinguish between “self” and “non-self’. Espelygblants, due to their sedentary lifestyle
and simultaneous exposition to a wide range of qgeths had to evolve a dynamic and
versatile defense system to survive in a hostilerenment. Plants lack an adaptive immune
system, but employ several cell autonomous mechanits react to their intruders, which
resembles the mammalian and insect innate immusetemy Invading pathogens can be
recognized by either pattern recognition recep(BiRR) or resistance proteins (R proteins)
resulting in PAMP-triggered immunity (PTIl) or eftectriggered immunity (ETI),
respectively (see Chapter 2 for an overview).

In turn, pathogens have evolved various means &rcome these plant defense
responses. Especially biotrophic pathogens liké ayd root knot nematodes, which are fully
depending on living host tissue for their developmand reproduction, have found
sophisticated ways to evade and manipulate théshmstmune system. Pathogens secrete
proteins and small molecules that alter the holétsteicture and that are currently known as
effectors (Hogenhout et al.,, 2009). These altenatieither facilitate infection of the host
(virulence factors) or trigger defense responsesrul@nce factors and elicitors) or both
(Huitema et al., 2004; Kamoun 2006).

Cyst and root-knot nematodes establish an intimelsgionship with their hosts for
months to complete their life cycle. In susceptilplants, they are able to modify a
differentiated host cell into a multinucleate feeglistructure from which they obtain their
nutrients. To achieve such drastic host cell modifon plant parasitic nematodes have to
manipulate fundamental elements of plant cell dgu®lent. Thereto, secretions produced in
the esophageal glands of plant parasitic nematadesnjected into the host cell via their
protrusible stylet throughout their life cycle. &tons from the two subventral glands of cyst
and root knot nematodes are often involved in teeefration of the host and migration
towards the appropriate feeding site, while thesdbgland secretions seem to be involved in
feeding cell formation and maintenance (Davis £t24108).

For endoparasitic nematodes, more than 60 protaraspotentially secreted and
implicated in different processes, including modiola of the host defense response (Davis et
al., 2004, Jauber et al., 2002; Huang et al., 200&) example, a secreted chorismate mutase
from G. pallida seems to play a role in altering host defenseoresgs upon nematode
infection and has been associated wRhgene based immunity (Lambert et al., 2005).
Additionally, venom allergen-like proteins secret®danimal-parasitic nematodes are known
to invoke host immune response. They are conseavetl were found in phytoparasitic
nematodes and animal parasitic nematodes (Zhah, é2083); however their role remains
unclear (Baum et al., 2007).

The number and diversity of putative nematode &ffscand limited knowledge about
nematode resistance mechanisms make it very diffieypredict which proteins secreted by
cyst and root knot nematodes can play a role imtpk@munity. Here, we will give an
overview of parasitism genes encoding cyst and koot nematode effector proteins and
discuss their potential role in modulating the pkldefense system.

Nematode avirulence genes

The gene-for—gene hypothesis states that hosttameses specificity is determined by
complementary pair of a pathogen effector encodedvirulence genesAgr gene) and a
receptor encoded by plant resistance geRegefe). Only for the interaction between the
potato cyst nematodé&. rostochiensisand potato Mendelian proof of a gene-for-gene
interaction has been demonstrated (Janssen &BAll). Selection of pure parasitic and non-
parasitic lines ofG. rostochiensisand subsequent reciprocal crosses using these hiaee
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shown that parasitism is recessively inherited sihgle locus and that the inheritance is not
sex-linked (Janssen 1990; Janssen et al., 199-ominant locusH1 present in resistant
potato cultivars was demonstrated as only beingctffe against certain pathotypes @&f
rostochiensiswhile nematodes carrying recessive virulencdesleould reproduce normally
on these plants. Because of a segregation patte3rl ;mon-parasitic to parasitic, which is
typical for single gene inheritance and a provemidgant nature of théll resistance, it has
been proposed that this interaction classifies gen@-for-gene type of mechanism (Janssen et
al., 1991).

For a limited number of other incompatible plantra@ode interactions, the genetic
basis of nematode virulence was investigated. 8sudsing three highly homozygous inbred
lines were performed for the soybean cyst nematbdgycines(Dong 1997). The inbred line
crosses clearly demonstrated that parasitic abgityherited in a Mendelian fashion. Both
dominant and recessive genes were found and ptoydénkage analysis to be unlinked loci
(Dong 1997). In the case of root-knot nematodealyars of virulence segregation in progeny
of a controlled cross dfl. haplaindicated that virulence in the nematode is irtbdrias a
single recessive trait, and that the nematode-bearaction might be classified as a gene-for-
gene interaction (Chen and Roberts, 2003). Aimmnfgtilitate map-based cloning of genes
that mediate plant-nematode interactions, a gemedic has been constructed for the potato
cyst nematod&. rostochiensigvan der Voort et al., 1999DPue to the outcrossing nature of
G. rostochiensisand technical limitations in using individual offspy genotypes for map
construction, this map was made with a bulked oiifigppopulation. To our knowledge, this
map has not yet been used to map parasitism arl@vge genes.

In an attempt to identify avirulence gene product®Ilved in Mi-mediated resistance
in tomato, cDNA-AFLP fingerprinting was used foripaise comparison of the expression
profiles of near-isogenic lines from the root-knm¢matodeM. incognitg avirulent and
virulent onMi-1 resistant plants (Semblat 2001). This resultethénidentification of several
differentially-expressed genes includingap-1 which was shown to encode for a protein
containing a predictive signal peptide for secretamd two classes of repetitive motives.
Immunolocalization experiments confirmed that theARAl protein is secreted by the
amphids, which are the principal chemosensory @agdithe nematode. The rolemfp-1in
avirulence, however, has never been demonstratedaddition, a transcript present in
avirulent but absent in virulent lines Bf. javanicahas also been identified. Curiously, this
gene does not resemheap-1, suggesting that there may be more than one gextecém
mediate nematode recognition in tomato plants Wi&iMi-1 gene (Williamson and Gleason,
2003).

Genes encoding avirulence factors or effectorsheleeved to be direct targets of
selection forces that drive evolution between laogt pathogen. Effector alleles that increase
the reproductive success of the pathogen will bemexhately favored by natural purifying
selection. Naturally selection acts not only onedsifying or conserving nucleotides within
genes, but also on copy number polymorphism. Famge,P. infestangAvr3b-Avr10-Avrll
locus exhibits remarkable copy number variationultesy in amplification of up to 25
truncated copies of the candidate Avr geite4 (Jiang et al., 2006). Indeed, the SPRYSECs
and RPB-1s from cyst nematodes are encoded bygen#i families, which products are
being under diversifying selection (Rehman et 2009; Chapter 6/Sacco et al., 2009). The
SPRYSEC family consists of more than 20 genes bexpgessed in different life stages of
the nematode (Rehman et al., 2009). Similarly, é\eghly similar RBP-1s were amplified
from cDNA obtained fromG. pallida pre-parasitic stages. Remarkably, it was noticed th
only nematodes virulent on Gpa2 plants expressadcated copies with premature stop
codons next to full length RBPs (Koropacka, unmii#d data). The role of these truncated
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copies is unclear, but perhaps they act as naflo@inant negative mutants inside the host
cells.

Many pathogen effectors were identified and nanmas®t on their avirulence activity.
However, it is assumed that they must contributepathogen fitness, for example, by
contributing to virulence on a susceptible hoser€fore, it was anticipated that RBP-1 could
play a role in nematode parasitism. However, oyaession of aspa2 non-eliciting and
Gpaz2 eliciting RBP-1 in susceptible potato plants oeradjed with virulent and avirulent
nematodes fron®. pallidahad no impact on nematodes virulence (Chapter 6).

Recognition of nematode effector proteins by R prains

The molecular mechanism by which plant the NB-LRpetof R proteins recognize pathogen
attack remains unclear despite intensive work dopneumerous research groups. However,
there is accumulating evidence that the LRR donminvolved in pathogen recognition. In
the simplest model a direct receptor-ligand intioac determines the recognition of the
pathogen by the plant's immunesystem. This modal sugpported by the finding of several
pairs of Avr products that bind directly to an Pigin. For example, the multigenic loci (K,
L, M, N, P) for flax rust resistance recognize ab® effectors from the flax rust fungus and
the direct physical interaction between soma ofséheffectors and R proteins was
demonstrated in yeast-two-hybrid assay (reviewddlis et al., 2007). Additional supportive
evidence came from research done on AvrPita ared(#a et al., 2000) and PopP2 and RPS-
1 (Deslandes et al., 2003), which were also shawphtysically interact. In the alternative
molecular model for effector recognition the R pios are associated with a host protein or
so-called virulence target, which is guarded by Eherotein. Guarded proteins can be a
cellular target for effectors (guard model) or ninsuch a target (decoy model). In the
presence of a pathogen effector the guardee isfimddind this modification results in the
activation of the R protein (Van der Biezen ande®ri998; Dangl and Jones, 2001; Van der
Hoorn and Kamoun, 2008).

Interestingly, the NBS-LRR protein SW5F was fouadnteract with SPRYCES-19, a
RanBPM homologue fror®. rostochiensigRehman et al., 2009). This is the first examible o
direct binding of a nematode effector to a plant-INEBR protein. The structural similarities
between both RBP-1 and SPRYSEC19 at the one hathdhanLRR domains of Sw5F and
Gpa2 at the other side of the interaction promptedo test whether the eliciting or non-
eliciting RBP-1 interacts directly with C-terminfahgment of Gpa2 protein in yeast (Chapter
6). However, no such binding was found, but we camemxclude that direct binding requires a
full-length Gpa2 protein or additional plant protgj which together may form the functional
complex. For our understanding of the mechanisndelying Gpa2 activation it would be of
great value to uncover the cellular target for nimai@ RBP-1 in plants.

R proteins are activated upon recognition of nenedoeffectors secreted into host
cell. In theory nematodes could remain undiscovdrgdmnutations in their effectors that
abolish recognition. However the primary role deefors in nematode parasitism defines the
functional constraints for such mutations, becaatdheir possible negative impact on
nematode fitness in susceptible hosts plants. Véerabd that the avirulent population ®f
pallida (D383) expresses four different RBP-1 variantsbich all trigger a Gpa2-dependent
defense response. Nematodes from the viruznpallida population Rookmaker express
additional RBP-1 variants that have a P166S mutatial as a result are no longer recognized
by Gpa2. These data suggest that loss of avirulantieity in RBP-1 is correlated with a
single nucleotide polymorphism, which may have tedi impact on the fitness of the
nematode.

The fast majority of RBP-1s identified to date haveignal peptide at the N terminal end,
which suggests that the proteins are secretedghrthe stylet into the host plant céfl. situ
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Concluding remarks

hybridization experiments showed that RBP-1s aesgmt exclusively in the dorsal gland,
suggesting that these proteins play a role in nedeaparasitism (Blanchard et al., 2005). A
GFP fusion of RBRsg3.1 was transiently expressedhh benthamiandeaves, which resulted
in the detection of the fluorescent protein in tytgoplasm and nucleus of the cells (data not
shown). This suggests that RBP-1s, once insidesadadl, are equally distributed within the
host cell and not targeted to one specific compamtmGpa?2 is also present in both the
cytoplasm and nucleus (Dees et al., unpublishedl) diae other NB-LRR proteins including
N (Burch-Smitch et al., 2007) and Rx1 (Slootwegletin prep). These results suggest that
RBP-1 and Gpa2 indeed co-localize in the host ddinipulation of the subcellular
distribution of RBP-1 and Gpaz2, for instance witlickear targeting signals, will help us to
determine in which cell compartment RBP-1 recognittakes place. In addition, it will be
interesting to test whether the subcellular loedion of the RBP-1s with a serine is different
to that of RBP-1 with a proline at position 166 st if the lack of Gpa2 activation correlates
with a difference in subcellular localization irethost cell.

Options for modulation of R gene mediated host responses by nematodes
R gene recognition and signaling are attractivgets for pathogens to overcome the plant’s
defense system. Indeed, suppression of plant innateunity has emerged as the primary
function of effectors. For many known effectors thechanism through which they interfere
with plant immunity remains unknown. So far, twdldar processes seemed to be key
targets for pathogens: transcription and RNA horasis, and targeted protein degradation.
Pathogenic bacteria secrete a wide range of effedto the host cell via type 1l
secretion system that target among others alsopldn® nucleus and therefore the gene
expression machinery. Phytopathogenic speciesXaithomonasand Ralstonia harbor
multiple effectors that encode transcription adbwvdike proteins (TAL). TAL effector
AvrBs3of Xanthomonas campetris pv. Vesicatof¥cv) is translocated to plant cell nuclei
where they initiate transcription of several gemesnedupa (upregulated by AvrBs3)
(reviewed in Saijo and Schultze-Lefert, 2008). Arecequence in gene promoters was
determined and named the upa-box, which is a diaeget forAvrBs3(Kay et al., 2007). As
cyst and root-knot nematode infections cause sewleamges in cell cycle regulation and
metabolism, it is very likely that they secrete tpmes that can directly affect the plant
transcription machinery. This was supported by ithentification of a parasitism gene
encoding a peptide (16D10) with CLE (CLAVAT3/ESRd) signature from the subvental
esophageal gland cells of root-knot nematodes (flugtnal., 2003). A yeast-two-hybrid
screen and immunoprecipitation of 16D10 demongdratspecific interaction with the SAW
domain of plant SCARECROW:-like (SCL) transcriptitactors (Huang et al., 2006), which
provides the first evidence that a secreted nemegbadasitism gene product can regulate host
activity via binding to an intracellular plant tissoription factor.

Targeted protein degradation may provide a powerfid unique means for regulation of
the host cell phenotype by pathogens (review inCd&éna et al., 2007). A well defined
example of a pathogen effector with a potentiat fial suppressing host defense responses is
demonstrated by the activity of a domainrRsleudomonas syringés/rPtoB that functions as
a mimic of host plant E3 ubiquitin ligase (Janjusest al., 2006). The potential function of
secreted proteins similar to SKP-1 and RING-H2wad#l as ubiquitin extension proteins
(Baum et al., 2006; Davis et al., 2004), suggektda hematodes may also actively and
selectively regulate host cell protein degradatmtheir parasitic advantage. The presence of
a BC box at the C terminus of SPRYSEC19 (Rehmaad.e2009) and RBP-1 (Chapter 6)
suggests that this type of nematode effector prsteould be involved in specific degradation
of their targets as well.
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Chapter 7

Recent findings indicate that several oomycete RXdffectors also mitigate host
immunity. For exampleP. infestansAvr3a suppresses the hypersensitive cell deathceutl
by anotherP. infestangorotein, INF1 elicitin (Bos et al., 2006). Recgnit was shown that
Fusarium oxysporunsecretes an effector that can both trigger angregp R gene-based
immunity. This effector, Avrl, triggers diseaseiseance when the host plant, tomato, carries
an | or I-1 gene and simultaneously supprdsg and I-3 (Houterman et al., 2008).
Interestingly, we were able to show that viruleetmatodes fronG. pallida express both
Gpa2 activating and inactivating RBP-1 variants,iclwhare able to suppress the Gpa2
dependent HR when they are present togeth®. ibenthamiandeaves. Currently, we are
investigating whether the ability of RBRdbk2 andRBP-Irook4 t0 suppress Gpa2 mediated
HR in N. benthamianaleaves corresponds with breaking Gpa2 resistancevitulent
nematodes from th&. pallida population Rookmaker upon infection of transgenatato
plants harboring the Gpa2 gene and the genes emngctiise non-activating RBP-1s.

This inhibition probably targets th@pa2 gene at the activation stage rather than its
downstream signaling pathway as the effect wasifspenly for the Gpa2 wild type gene
and not for the autoactive mutant (D460V) @pa2 or the highly homologous gerfex1l
(Chapter 5). One possible explanation could be ttiede effectors affect the transcriptional
regulation of theGpa2 gene as we have observed an inhibitory effectimiant nematodes
on GUS expression driven by the endogen@pa2 promoter (Chapter 4). In Chapter 3 the
guantitative nature of the Gpa2 and Rx proteins stesvn and hence, decreasing G@a2
gene expression level might be sufficient to avthid defense response. This was also
demonstrated for the expression of the rice géa® encoding a LRR receptor kinase type of
protein, which is associated with a range of rasistactivities in different genetic
backgrounds and different developmental stagesghehn expression level ofa3results in a
wider resistance spectrum, a strong resistancé dewka whole growth stage resistance (Cao
et al., 2007).

As an alternative explanation for RBP mediated Zspappression, we propose the
competition model. In this model, the RBP-1 moleduhs a dual function. One is to bind the
cellular target, which might be the Gpa2 proteselit or the guardee. This binding occurs for
both activating RBPs and suppressive RBPs, but actiyating RBPs are able to modify the
host target or translocate it to different cell gariment, what results in activation of the
Gpa2 triggered defense. When we scanned the RBEjliesces with posttranslational
modification software (Abgent, Sumoplot), we haweerfd that the stretch of amino acids
including the proline (but not the serine) is remiagd as two overlapping SUMOylation
motifs (VKVP- score 0.82 and PKFG- score 0.43). Bmhiquitin-like Modifier (SUMO)
proteins are a family of small proteins that bimyalently to other proteins to modify their
function. This posttranslational modification ivatved among others in cytoplasmic-nuclear
trafficking, transcriptional regulation and protestability. Hence, it will be interesting to
investigate whether RBPs are specifically SUMOyldteplant cells and how this affects the
role of RBP in nematode parasitism.

Perspectives

The importance of suppressing plant defense andleath for the survival of cyst and root
knot nematodes is undeniable. Most information aldmst plant targets and mechanisms
employed to subvert the defense response comessiitmiies on pathogenic bacteria, which
secrete diverse proteins via the type Ill secrefigstem. Numerous examples of secretions
able to interfere with plant responses were ideatifRepertoires of effectors determine the
bacteria’s ability to infect a host and therefdrest specificity. Our knowledge about the role
of plant parasitic nematode effectors in modulaprant immunity is still limited, but in this
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Concluding remarks

thesis we have presented a first example of a reehaadffector gene family, of which specific
members have shown the potential to activate ambitrspecificR gene mediated responses.
The recent progress in nematode genome sequenicaigding the genome di. pallida

will deliver a huge amount of data concerning nexdes effectors. The complete sequence of
the M. incognita, H. glycines, and M. haptgenome (Elling et al., 2009; Abad et al., 2008)
will undoubtedly contribute to the identificatioml genes not represented among the available
ESTs libraries. This will allow us to unravel tharius modes of action employed by cyst
and root knot nematodes to manipulate their hosts.
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Summary

Gpa2 recognition specificity

Among all the multicellular animals, nematodestAgemost numerous. In soil, a high variety
of free living nematodes feeding on bacteria caridomd as well as species that parasitize
insects, animals or plants. Thetato cyst nematode (PCJobodera pallidais an important
pest of cultivated potato. Upon infection of thetsy the nematode induces a feeding cell
complex or so-called syncytium, on which the imniiabd nematode fully depends for its
development and reproduction. Due to the sophisticBeeding manner and ability to survive
for a long time in the absence of a host plant, kst way to control these soil-born
pathogens is the exploitation host resistance. fdanesistance to nematodes is based on
single dominant resistance genes (R) or quantgatrait loci (QTL). Several nematode
resistance genes have been identified and mappeslincludes the potato ge@pa2 (Van
der Vossen et al., 2000) that confers resistanamsigthe population D383 @. pallida. The
Gpa2 gene is highly homologous t&x1, which confers resistance against potato virus X
(Bendahmane et al., 1999). Both genes encode aipraith a nucleotide-binding leucine-
rich repeat (NB-LRR) domains and a short coiled-domain at the N-terminus, which are in
88% identical at the amino acid level. The vastanj of the differences between Gpa2 and
Rx1 is found in the predicted solvent exposed mgjiof the LRR domain. In chapter 2, we
have shown that the LRR domain is essential forréo@gnition specificities of Gpa2 and
Rx1, whereas the CC-NBS domains can be exchangduwviaffecting the specificity. In
chapter 5, we have used a series of chimeric agtstm which segments of the Gpa2 LRR
were replaced by the corresponding segments froth. Rkese constructs allowed us to
narrow down the region required for nematode reitmgnto a stretch of residues between
808 and 912 amino acid residues in Gpaz2, includiihgmino acids that differ between Gpa2
and Rx1. Furthermore, a computer-aided 3D modéi@LRR domain is presented in which
7 of the Gpa2 specific amino acid residues map dgtuster onto the concave surface of the
horseshoe-like structure of the LRR domain.

Gpa2-mediated nematode resistance

The research described in chapter 3 aimed to utaderdhe mechanisms underlying Gpaz2-
mediated resistance to the potato cyst nemafdeallida The extreme resistance response
conferred by the close homologue Rx1 results inbtbeking of the potato virus X (PVX) at
the infection sites and hence, the prevention stesyic spreading throughout the plant.
Surprisingly, an entirely different defense mecbkanivas observed for resistant potato plants
infected with juveniles of the avirulei@lobodera pallidapopulation D383. In susceptible
plants, both the virulent population Rookmaker &mel avirulent population D383 formed
normal developing syncytia and nematodes weretalitemplete their life cycle as described
in previous studies. Infection of resistant planish the avirulent population showed no
differences between susceptible and resistant pgiants in the early stages Gfpallida
parasitism (root entering, migration, syncytiuntiation). Syncytium induction took place in
parenchyma cells, but rarely in other tissues.am@es collected 7 days later, however, the
first necrotic cells in the surrounding of the sytiem were noticed including symptoms of
degradation in the ultra structure of the syncytiself in case of resistant plants infected
with avirulent nematodes. Samples collected 10 ge& infection had already a layer of
necrotic cells, which separates the syncytium fritv@ vascular bundle. At 14 days post
infection, it was observed that the parenchymasa®dt incorporated directly in the syncytia
started to divide fast. Groups of hyperplastic alurrounding the degrading syncytium
resulted in pushing it away to the outer part @f thot. This unique phenomenon, which was



not observed before, can be part of the Gpa2-nextlidefense response arsecondary
reaction to the presence of necrotic, dead celisaaway to exclude them from the healthy
conductive tissue of the root.

Transcriptional regulation of the Gpa2 promoter

To look in more details into the transcriptionajuation and expression &pa2 the native
promoter was fused to the reporter gene GUS arsl ¢bnstruct was introduced into
susceptible potato. In chapter 3, the activityh@fGpa2 promoter was observed and shown to
be restricted to the vascular system and the rpst in uninfected plants. Roots were
challenged withG.pallida and the localization of the GUS expression waslesl at the
infection sites at different parasitic stages. Bgrinfection with virulent nematodes - but not
the avirulent ones - this activity seems to be deegulated in vicinity of the syncytium.
Such a local inhibition of Gpa2 promoter activity in line with observations made on
resistant roots when necrotic cells were only preseound the feeding cell complex,
distantly from the feeding nematode.

The effector protein RBP-1 elicits a Gpa2 dependertR

Recently, a RBP-1protein with strong similarity ttee SPRY domain of the Ran-binding
protein RanBPM in juveniles o6G. pallida was identified as a putative Gpa2 elicitor.
Transient expression of RBP-1 W benthamiandeaves elicits a Gpa2-dependent cell death
typical for theR-gene associated hypersensitive response (HR)l RbIA isolated from two
populations ofG.pallida, D383 (avr to Gpa2) and Rookmaker (vir to Gpa2¥ wanverted
into cDNA and screened for the presence of RBPFis. screening allowed the identification
of in total 10 classes of closely related homolo§RBP-1. All identified classes were tested
for their ability to elicit the Gpa2-dependent HRan agroinfiltration assay. The capacity to
induce an Gpa2-dependent HR was shown to cormeltiiea single amino acid substitution in
RBP-1. No response was observed for two classeshwtere obtained from the virulent
population (RBP-dookz RBP-kooks). For the other homologous RBP-1 classes — both
deriving from the virulent and avirulent populatiothe response was ranging from a mild to
a strong and fast HR. Both in-active RBP-1 varidratge a serine substitution at position 166
(S166P) within the SPRY domain. When this residas ywrojected on a computer aided 3D
model of RBP, we noticed that this amino acid isiloop extending from the protein core.
Replacing the proline into a serine is predictedhange the shape of the loop and hence, to
affect the potential surface for protein-proteitenactions.

Non-eliciting RBP-1 variants suppress RBP-induced a2 activation

It was shown that the non-eliciting variants (RBfdk2 and RBP-%kooks) Can suppress the
activation of a Gpa2-mediated HR by the elicitinBAR1 variants. This effect was specific
for the Gpa2-mediated HR, and not observed witlx&iRduced HR. As autoactive mutants
of Gpa2 and Rx1-mediated cell death are not blotkethe inactive variants of RBP-1, the
mechanism of suppression or inhibition likely opesaon a functional Gpa2 protein, instead
of downstream Gpaz2-activated signaling pathwaysthEuresearch is required to resolve the
mechanism underlying the possible competitive adegons of the active and the inactive
RBP-1 variants on the Gpa2-mediated HR. Essentiip possible models that could
explain this phenomenon. First, the inactive vasamould physically out compete the active
RBP-1s. The binding target of active and inactisgants of RBP-1 variants could be directly
in the Gpa2 protein or in the virulence target nameid by Gpa2. Alternatively, the inactive
variants of RBP-1 may intercept active RBP-1 vdgdny forming an inactive heterodimer
complex rendering it essentially undetectable tier&pa2 protein.
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Samenvatting

De specifieke herkenningskarakteristieken van Gpa2

Van alle meercellige dieren zijn de nematoden hétjkst. In de bodem komen diverse
vrijlevende nematoden voor die zich voeden metoijlaeeld bacterién, maar ook soorten die
als parasiet leven in dieren, insecten of plantist.aardappelcystenaaltje (AC&lobodera
pallida is een plantenparasitaire nematode die grote sctubrengt aan de aardappelteelt.
Na infectie van de wortels induceren deze nematedernvoedingscel, die ook wel syncytium
wordt genoemd. De nematode verliest zijn vermogem te migreren en is volledig
afhankelijk van deze voedingscel voor zijn verdendwikkeling en reproductie. Door zijn
vernuftige manier van voeden en zijn vermogen ongdarig te overleven in de grond in
afwezigheid van de waardplant, is het gebruik w@sistente planten een goede manier om
deze parasiet te bestrijden.

Natuurlijke resistentie tegen cystenaaltjes is gebal op zogenaamde enkelvoudige,
dominante resistentiegenen (R genen) of kwantitatresistentie loci in het genoom van de
plant (QTL's). Diverse nematode resistentiegenenn zinmiddels gekarteerd en
geidentificeerd. Hiertoe behoort het aardappelgpa2Gdat resistentie verschaft tegen de
populatie D383 vals. pallida Het Gpa2 gen vertoont sterke homologie met R824)3 een
gen dat resistentie tegen het aardappelvirus Xt B&X). Beide genen coderen voor een
eiwit met een nucleotiden-bindend domein (NB), demein dat bestaat uit een repeterende
serie leucine-rijke sequenties (LRR) en een zogedaaoiled-coil domein (CC). Het
merendeel van de verschillen tussen Rx en Gpa2teijminden in het LRR domein. In
hoofdstuk 2 is aangetoond dat de herkenningsspieifivan Rx en Gpa2 door het LRR
domein bepaald wordt, terwijl de CC-NBS uitgewidsddan worden zonder dat de
specificiteit aangetast wordt. In hoofdstuk 5 zj@n aantal constructen getest waarin delen
van de LRR van Gpa2 en Rx waren uitgewisseld. Hiermas het mogelijk om de regio die
bepalend is voor de herkenning v@n pallida, terug te brengen tot een gebied tussen de
aminozuren op positie 808 en 912, inclusief de dflduen die specifiek zijn voor Gpa2.
Door deze residuen te projecteren op een 3D maiehet LRR domein van Gpa2, bleken 7
aminozuren in een cluster te liggen op het geboggperviak van de hoefijzervormige
structuur van dit domein.

Gpa2 geinduceerde nematode resistentie

Het onderzoek dat in hoofdstuk 3 beschreven isdimdoel om meer inzicht te verkrijgen in
de resistentiereactie door Gpa2 tegen het aardagpehaaltje. Het nauw verwante gen Rx1
geeft een extreme resistentierespons tegen PVX epnfictieplek, waardoor verdere
verspreiding van het virus voorkomen wordt. Gpajktéchter een geheel andere reactie te
geven. Hoewel er geen verschil te zien was tuseandiictie en vroege ontwikkeling van het
syncytium door nematoden van de virulente (Rookmake avirulente populatie (D383),
waren 7 dagen na infectie met de avirulente neneatde eerste afgestorven cellen zichtbaar
rondom de voedingscel. Analyse van de ultrastructan deze cellen toonde symptomen aan
die wezen op de degradatie van het bijhorende siymecyNa 10 dagen was er een ring van
dode cellen gevormd rondom het syncytium waardogtr dontact met het vaatweefsel
verbroken werd. Na 14 dagen bleken de parenchyhenda de buurt van het syncytium
zich snel te delen, waardoor deze naar de buitémeande wortel werd geduwd. Deze unieke
reactie, die voor zover ons bekend nog niet easdbeschreven, kan deel uitmaken van de
Gpa2 afweerreactie of een secundaire reactie mjgeticht is op het afschermen van gezond
weefsel.
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Activiteit van de Gpa2 promoter

Om meer inzicht te krijgen in de plaats en tijd vegahet Gpa2 gen tot expressie komt in de
plant, is de promoter van Gpa2 gefuseerd met lpetrtergen GUS voor het transformeren
van aardappel. In hoofdstuk 3 beschrijven we daha®iteit van de promoter zich beperkt
tot de wortelpuntjes en het vaatsysteem van det.pha infectie metG. pallida kon de
verandering in dit patroon geobserveerd worden. rBsulteerde in de observatie dat de
promoteractiviteit van Gpa2 op en rond de infeddkpverminderde in wortels die
geinfecteerd waren met virulente nematoden, terwilortels met de avirulente nematoden
er nog steeds promoter activiteit werd waargenomen.

De nematode effector RBP-1 activeert Gpa2

Onlangs is er een eiwit (RBP-1) gevonden in juvMenievan G. pallida dat grote
overeenkomsten vertoont met het SPRY domein vaiRartbindend eiwit RanBPM, en dat
in aanmerking kwam als mogelijke elicitor van Gpa?2ansiénte expressie van RBP-1 in
bladeren van Nicotiana benthamianainduceert een specifieke celdood reactie in
aanwezigheid van Gpa2. Totaal RNA was geisoledrdeuavirulente en virulente populatie
D383 en Rookmaker, dat vervolgens is omgezet in&DM te zoeken naar de aanwezigheid
van RBP-1. De screening resulteerde in de ideatiGovan 10 klasses van gerelateerde RBP-
1 homologen. Van elke klasse is een RBP variantsgetp het vermogen om Gpa2 te
activeren in een agro-infiltratie assay. Twee varil@ klassen bleken geen Gpa2 activiteit te
induceren en deze varianten waren beiden afkormatigde virulente populatie. De andere
varianten waren in staat om in meer of mindere reatespecifieke reactie te induceren. Het
vermogen om GpaZ2 te activeren bleek te correleren@an enkele aminozuur substitutie.
Beide niet-inducerende varianten beschikten over s®ine in plaats van een proline op
positie 166 in het SPRY domein. Analyse van de 8Dctuur van RBP liet zien dat deze
substitutie in een van de lussen ligt en het vegearvan een S naar een P resulteert in een
verandering van de vorm van deze lus en dat daahete@teractie oppervlak waarschijnlijk
verandert wordt.

Onderdrukking van de RBP-geinduceerde Gpa2 reactie

De niet-activerende RBP varianten bleken in staatde celdood reactie, die door de andere
RBP varianten geactiveerd was, te onderdrukkene Deactie bleek specifiek, want de Rx

reactie kon niet onderdrukt worden. Ook de celdeactie van autoactieve mutanten kon niet
worden onderdrukt, dus vermoedelijk werkt de ondédking direct in op Gpaz2 in plaats van

de signaaltransductieroutes die door Gpa2 wordectiyeerd. Vervolgonderzoek moet

uitwijzen of er sprake is van een competitiemodelarbij de activerende en niet-activerende
varianten elkaar verdringen. Dit zou kunnen bij ebwen interactie met Gpa2 zelf of een
interactie met een virulentietarget dat door Gpa®%dakt wordt. Een andere optie is de
vorming van heterodimeren, waardoor er een inactefiplex ontstaat dat niet herkend kan
worden.
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