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Abstract

Plant pathogens inject so-called effector molecidasthe cells of a host plant to promote
their growth and reproduction in these hosts. Bnplparasitic nematodes, these effector
molecules are produced in the salivary glands. difjective of this thesis was to identify
and characterize effector molecules produced instievary glands of the potato cyst
nematodeGlobodera rostochiensis. A combination of cDNA-AFLP and mining of EST-
databases resulted in the identification of a |dageily of effectors named the SPRYSECs.
The SPRYSECs essentially consist of a conserved S@#iYain preceded by a signal
peptide for secretion. The SPRYSECs are injectedhiost cells through the oral stylet. A
protein structure model of the SPRYSECs indicateat tine particular surface of the
proteins in the SPRYSEC family was hypervariable seeémed to undergo diversifying
selection. This led us to believe that the SPRYSEfEsimportant players in the co-
evolution between plant and nematode. Transgenicatg@oplants overexpressing
SPRYSEC-19 appeared to be two- to five-fold morecepisble to infections of
nematodes, the fungierticillium dahliae, and tomato spotted wilt virus (TSWV). This
hypersusceptibility to a range of unrelated plasthpgens suggests that SPRYSECs
somehow suppress the basal defense responsesr¢hedrdrolled by the plant’s innate
immunity. SPRYSEC-19 was found to engage in a sjgeptysical interaction with the
Leucine Rich Repeat domain of a protein from theNIES-LRR class of resistance genes.
Many immune receptors in the plant’s innate immumiélong to the same class of NB-
LRR proteins. The host interactor of SPRYSEC19 is mostlar to members of SW5 R
gene cluster that confers resistance to tospodri®emarkably, plants harboring the CC-
NB-LRR interactor of SPRYSEC19 are not resistant smatodes. Therefore, we
hypothesize that the nematode effector SPRYSEC-d9\qtes its virulence in susceptible
host plants by suppressing basal defense throaghtéraction with an NB-LRR immune
receptor.
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Chapter 1

Introduction

In nature plants have to defend themselves agtiastontinuous threat of a wide range of
parasites. The infection strategies deployed bptgarasites can be roughly divided into
necrotrophic and biotrophic lifestyles. Necrothrs@re ruthless attackers killing the plant
on which they thrive. In contrast, biotrophic pédtess exploit their hosts in a prudent way,
by establishing a long term feeding relationshithwieir hosts without killing them. Most
biotrophs are obligate parasites (e.g. cyst anttkioot nematodes) that need this feeding
relationship for their survival and reproduction.iSTimplies that a parasite will aim to
avoid the recognition by the host defense systevhie at the same time it will modify
plant cells in such a way so that it can feed amfphssimilates.

All plant parasites deliver effector molecules ihwst plant cells to promote their
virulence and to enhance their fithess. These wife@re indispensable for various phases
of parasitism, including host penetration, feediagd reproduction. For example, many
plant-parasites use cell wall degrading enzymepeioetrate host plants and to achieve
further colonization of plant tissues (Agrios, 2DORIlant-parasitic nematodes transform
host cells into feeding sites, and the most pldes#xplanation to this transformation is
likely to be found within nematode effector molezsul

Recent work on the role of microbial effector pmgein plants points at their
involvement in the suppression of plant immunitgview Jones and Dangl, 2006). To
counteract pathogen ingress plants have evolvadodalyered surveillance system that
uses receptor-like proteins, which detect eitheeaty or indirectly specific effector
molecules from parasites. The first line of defeimsplants is established by extracellular
immune receptors that recognize molecular pattesssciated with pathogens. A classical
example is the recognition of twenty two amino acith the flagella of bacteria.
Recognition by this basal defense system leademeric defense responses such as cell
wall modifications, release of reactive oxygen $p&cetcetera. Parasites have found ways
to breach the basal immunity by suppressing diseagealing with other effectors
molecules. These suppressive parasite effectorsgy@mwmay induce changes in molecular
states of host proteins that are monitored by dthetune receptors, so-called R proteins.
The probable outcome of pathogen recognition in #asond layer of defense is the
activation of disease signaling pathways that lEadpecific resistances. In many cases
effector recognition results in local cell death arhypersensitive response (HR). HR
involves local accumulation of phenolic compounds aell-wall reinforcements in cells
surrounding the area of cell death, thus inhibitihgther pathogen infection and
colonization. Effector proteins that are being retpgd by the products of resistance (R)
genes have acquired so-called avirulence (AvryiagtiThis gene-for-gene model, which
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General Introduction

essentially explains the recognition specificity difease resistance responses in plants,
holds true for most biotrophic plant-pathogen iat¢ions (Jones and Dangl, 2006).

Thus, pathogen effector molecules have three pessibles, including 1)
promoting virulence by redirecting metabolic praees to the parasite’s benefit, 2)
betraying the parasite’s presence to the plant imeraystems, and 3) suppressing disease
signaling in the plant's immune system. This thedéscribes the identification and
functional characterization of a novel group of molal effector proteins, encoding by the
SPRYSEC-gene family, in the plant-parasitic nemat@iiebodera rostochiensis. The
possible roles of these effectors in promoting leinge, suppressing plant defense, and
conditioning parasite recognition in plant defeagstems are discussed.

Parasitic Nematodes

Nematodes are the most abundant multicellular dsima earth. They can be found from
the bottom of the sea to the highest mountaingjingnfrom Polar Regions to the Tropics
(Cobb, 1914; Ditlevesen, 1918). Most of the nemesodire simple, colorless and
transparent roundworms with relatively litle moopdgical variation. A vast majority of
the nematodes is free living, feeding on fungi, tbaa, organic matter, and other
nematodes (predators). Only a small percentagheophylum Nematoda are parasites of
animals and plants. Over 1 billion people are datédd by animal parasitic nematodes
leading to severe morbidity, blindness, anemiasitmial infection and respiratory diseases
(Hirst and Stapley, 2000).

Plant-parasitic nematodes are classified according their feeding and
reproduction behaviour. The ectoparasites (&@chodorus and Xiphinema spp.) mainly
feed on epidermal cells, root hairs or on the oatetical cells beneath the epidermal cell
layer using their stylets. The migratory endo-paessi(e.g. Aphelenchoides and
Bursaphelenchus spp.) penetrate plant tissue through several legktrs and feed on
cytoplasm of the cells that they come across. Bin#the sedentary endo-parasites (e.g.
Meloidogyne and Globodera spp.) have developed an intimate and long-terndifige
relationship with their hosts. They induce a muiicleate feeding site close to the vascular
bundle in the host and remain sessile for the a&sheir life, while extracting nutrients
from the feeding site (Wyss, 1997; Dropkin, 1968skey and Grundler, 1998).

Thelife history of potato cyst nematodes

The potato cyst nematode (PCN3}|obodera rostochiensis, is an obligate sedentary
endoparasite of a small range of Solanaceous ptamts as potato, tomato and eggplant.
Potato cyst nematodes originate from the Andearomemn South America (Evans and
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Chapter 1

Stone, 1977) and was probably introduced into Wiedkeirope in the second half of the
19" century. Their successful spread over the contineas conditioned by the
dissemination of breeding material. Despite thiewspropagation rate they have become a
major pest and yield limiting factor in potato.

The second stage juveniles (J2) of potato cyst rmdeathatch from the eggs in
response to host-plant root exudates. The fresitishied J2 invade the root just behind the
apex, preferably in the differentiation and eloimgatzone. Plant penetration is achieved by
perforating cell walls with the combined effectpifysical thrusting of the oral stylet and
the enzymatic softening of the cell walls. The atifiee J2s migrate intracellularly through
the cortex in the direction of the vascular cylindéere they select an inner cortical cell as
initial syncytial cell (ISC). After careful perfatian of the cell wall of the ISC, the stylet of
the nematode remains inserted for 6-8 hours (Stemb1973; Wyss and Zunke, 1986;
Wyss, 1992).

In this so-called preparation period secretionsastd from the nematode induce
the ISC to redifferentiate into a highly metabdlicactive cell, which is characterized by
small secondary vacuoles, dense cytoplasm, numengamelles and enlarged amoeboid
nucleus (Cole and Howard, 1958; Rice et al., 1988 developing syncytium extends
longitudinally along the vascular cylinder by pregsive protoplast fusion with
neighboring cells through local cell wall dissotuti Cell wall ingrowths are formed
adjacent to xylem elements, facilitating nutrieqttake into the developing syncytium
(Jones and Northcote, 1972; Grundler et al., 1998)s multinucleate ‘organ’ acts as
nutrient sink, which is continuously replenished the plant during feeding of the
nematode. The syncytium remains the sole sourcewfshment for the whole life cycle
of this biotroph.

Syncytium formation is accompanied by repeatedesyai the feeding behaviour of
the nematode, each cycle consists of three digtimzses:

Phase 1. Nutrient uptake from the syncytium;
Phase 2. Stylet retraction and reinsertion into the synaytju

Phase 3. Injection of secretions into the syncytium (Steicihal973; Hussey and
Mims, 1991).

After successive feeding cycles, the J2s molt iBoand J4 respectively, finally
reaching adulthood within four weeks (Von Mendeakt 1998). The sex ratio in potato
cyst nematodes is determined epigenetically duesry nematode development (Grundler
et al., 1991). A shortage of food leads to formatadf more males whereas excess of
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General Introduction

nutritional sources will lead to development of méemales (Mugniery and Fayet, 1984).
Potato cyst nematodes show a high degree of sdikualphism resulting in swollen adult
females which remain sessile throughout their pigcdge. In contrast, adult males regain
motility and become attracted by the females taeaghinsemination and fertilization of
the eggs. Shortly following the insemination thevid female dies leaving her remains as a
protective container for hundreds of eggs. The §itage juveniles (J1) molt inside the egg
and remain dormant for at least one year. These mgife the so-called cysts remain
viable for many years in the soil (Perry, 1989y(Hi).

Syncytium
N |
o
AN T
Vascular cylinder —p» —i

PO TRV RN

s

|
’f Syneytium

Figure 1. The life cycle of cyst nematodes. J2, J3, J44iles in second, third and fourth
developmental stages (Courtesy of Jung et al.,)1999

Nematode Secr etions

Nematode secretions are believed to play a key iroldne parasitism of plants. These
secretions presumably include effector moleculeslied in hatching, in self-defense, in
movement through plant tissue, and in establishraedtmaintenance of the feeding site.
Nematode secretions are produced in several diffecegans, including the cuticle,
amphids, the excretory/secretory system, the regihds and esophageal gland cells
(Jones and Robertson, 1997). The oral stylet andelaévely large esophageal glands are
thought to be specialized evolutionary adaptatibmsplant parasitism in nematodes
(Hussey, 1989, Hussey and Mims, 1990). As a comsemuthe esophageal glands are a
likely source of most of the nematode effector rooles. Therefore, much of the work
done so far on the role of nematode secretiondaint parasitism has been focused on the
products of these esophageal glands.
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Chapter 1

Esophageal Gland Secretions

The stylet is a hollow protrusible
structure with a lumen that is
connected to the three esophageal
gland cells through the esophagus.
Potato cyst nematodes have one
dorsal and two subventral
esophageal glands (Fig. 2). Each
gland is a single cell with long
cytoplasmic extension that
terminates into an ampulla, which
serves as a reservoir for secretory
granules. The ampulla empties into
lumen of esophagus via a valve.
The secretions produced in the
dorsal esophageal gland are
released in the esophagal lumen at
the base of stylet, whereas the two
subventral glands empty their
granules immediately posterior to
pump chamber (Hussey et al.,,
1989).

Cephalic framework

Sviet Stylet musculature

Valve of dorsal
pharyngeal gland Lumen of the pharynx
Valve plates of

Ampulle of domat the median bulb

pharyngeal gland

K\ Valve of subventral
pharyngeal gland

Median bulb

Dorsal

Opening of the
pharyngeal gland ponng

secratory-excretory
duct

Subventral
pharyngeal gland

i Body wall musculature
Intesting ——

Figure 2. Schematic representation of the anterior
region of pre-parasitic J2's of cyst nematodes.
The position of the esophageal glands is indicated
(Courtesy of Lilley et al., 2005).

The distinct morphological changes of the esophaggahds at specific stages of
parasitism hint towards their differential rolesuring migration through the plant root, the
two subventral glands are large and packed withetmy granules, while shortly after
migration ceases they undergo a strong decreasellivolume. A larger portion of the
genes switched on in the subventral esophageatigldaring migration code for cell wall
modifying proteins, e.g. R-1,4-endoglucanases ($Setaal., 1998), pectate lyases (Popeijus
et al., 2000) and expansins (Qin et al., 2004)cdntrast, the dorsal gland shows a
remarkable increase in activity during the initatiof the syncytium (Wyss and Zunke,
1986). The nature and the function of dorsal esopdlagiand secretions from potato cyst
nematodes are not well understood at present.
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General Introduction

I dentification of genes encoding esophageal gland secretions

Despite considerable efforts, the identity of gearsoding nematode secretions has long
been severely hampered because of their microscsip& long generation time and
obligate biotrophic nature. The first attempts tleritify the components in nematode
secretions used biochemical analysis of fluids Imicv nematode had been incubated for a
certain period. These early analyses indicated tlesepce of cellulase, pectinase and
protease activities in the secretions frivvd oidogyne incognita. At that time the scientists
were not able to establish the origin of thesevaies (Dropkin, 1963; Myers, 1965).

The direct analysis of the components of nematodetens is difficult due to the
limited amount of material available for analysi$iis obstacle was tackled by production
of monoclonal antibodies (MAbs) directed againstnatode secretions or fractionated
homogenate of nematodes. Using MAbs raised agéiastionated homogenate of pre-
parasitic J2's oGlobodera rostochiensis Smant et al. (1998) identified several nematdde
1,4-endoglucanases. The success rate of the MAddbealwning approach was rather
limited because of many technical disadvantagescaged with it.

A significant technical advance was made by theafisdnemical compounds such
as the neurotransmitter analogue DMT (5-methoxyNMNimethyl tryptamine) to increase
pharyngeal pumping and enhanced release of esaghagend secretions in cyst
nematodes. With these compounds, Goverse et @9]liélentified a protein fraction in
secretions smaller than 3kDa showing mitogenicviigtion plant protoplasts and T-cell
lymphocytes. Similarly Robertson et al. (1999) destmted in-gel activity of proteases
and superoxide-dis-mutase in DMT-induced secretiimm G. rostochiensis. However, the
identity of the genes coding for these activitiemains elusive to date.

A major leap forward in the identification of pait&sn genes was achieved by the
work on Expressed Sequence Tags (ESTs). The ESTsnate pass sequences of cDNA
clones selected randomly from a cDNA library. cDNWbraries from different
developmental stages and different tissues of #haatodes have been used to produce
ESTs. These EST are aligned with annotated accessionsfdarence databases, thus
pointing at the possible identity of the corresgogdgene (Adams et al., 1991). EST
projects so far have resulted in torrents of segeetata from plant-parasitic nematodes,
i.e. the number of EST sequences has reached ~060(8€e for an update
www.nematode.ngt

A set of criteria based on predicted propertieparfisitism genes have been used
to identify putative nematode effectors. Firstes@hg proteins with an N-terminal signal
peptide for secretion weeds out approximately 9@%h® sequences (Nielsen et al., 1997).
The esophageal glands are believed to be impoxaptafasitism, therefore the localization
of the transcript within these glands &itu hybridization) is a second important criterion.
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To this purpose the digoxygenin labeled anti-sem¥¥Ac strand derived from a putative
parasitism gene can be hybridized with mRNA in ¢arissue. Following an enzymatic
reaction, the hybridization signal can be locatdais allowing determination of spatial
expression patterns (Vanholme et al., 2002). Asrd triterion, the expression of the gene
at specific stages of parasitism is being usedutthér reduce the dataset of potential
candidates. Many groups have identified novel pigas genes such as a pectate lyase
(Popeijus et al., 2000), p-1,4-endoglucanase, xylanase (Dautova et al., 260d) a
polygalacturonase (Jaubert et al., 2002) and aquitli extension protein (Tytgat et al.,
2004) by using this approach.

Owing to the technical difficulties associated wibllecting sufficient material
from parasitic stages, most of the cDNA librariesdn been constructed from pre-parasitic
stages. Consequently the current database of ESTikedyebiased towards genes involved
in the very early stages of parasitism (Lilley et @005). In order to clone the genes
involved in later stages of parasitism, Gao et (@003) constructed a pharyngeal gland
region specific library by micro-aspirating the tamts of the gland cells from parasitic
stages of the soybean cyst nematdtkterodera glycines. A combination of random
sequencing of this gland cell specific library wilata mining andn situ hybridization
resulted in the identification of 51 novidl glycines esophageal gland-expressed putative
parasitism genes.

An even more stringent selection was achieved hybaoing gland specific
micro-aspirated mMRNA with subtractive suppressiybridization (SSH) of mRNA from
the nematode’s intestinal region. In SSH, the mRiN&ated from intestinal region of
nematodes is used as template to produce firsicstlaver cDNA. The driver cDNA is
immobilized on matrix followed by hybridization witanother pool of mRNAs isolated
from esophageal glands of various parasitic stdmesmicro-aspiration. The cDNAs
corresponding to mRNA expressed in both tissuekfariin a DNA:RNA hybrids, which
are removed using a column. Therefore, a unique pbgland specific mMRNAs will be
produced. The remaining non-hybridized single steah mRNA is then used for
construction of subtracted cDNA library by RT-PC&milarly, Lambert et al., (1999)
constructed a subtracted cDNA library after diffdi@ hybridization of mMRNA expressed
in posterior and anterior regions Mffeloidogyne javanica and cloned a esophageal gland
specific chorismate mutase (Mj-cm-1) using this hodt Homologues of Mj-cm-1 were
found in cyst nematodd. glycines (Bekal et al., 2003) an@dlobodera pallida (Jones et al.,
2003).

Most nematode parasistism genes are not expressatitatively throughout the
nematode life, but in a highly coordinated way ¢dfic events in the nematode-plant
interactions. Techniques enabling a global analgéigene expression between different
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developmental stages allow for the identificatidnnovel parasitism genes up-regulated
specifically at the onset of parasitism. We havedusDNA-AFLP (complementary DNA-
amplified fragment length polymorphism) that allofeg a comprehensive analysis of
differentially expressed mRNAs isolated from vasaiages of parasitism (Bachem et al.,
1996; see chapter 4). In this technique the cDNgimating from various stages is digested
with two restriction enzymes (frequent and raretarutrespectively) followed by the
ligation of oligonculeotide adaptors to generatdNéDfor PCR based amplification. PCR
primers complementary to the adaptors with addiidnor 2 nucleotides at 3" end allows
selective amplification followed by their visualaysis on gel. We have further used the
computer program GenEST to identify for each of ttegrhents displayed on gel the
matching EST in our database. The advantages of cBNAR are that 1) it requires only
minute amounts of RNA because of amplification stelved, 2) due to high annealing
temperatures, cDNA-AFLP is stringent and reprodegild) it can distinguish between
highly homologous genes from individual gene fassili4) it does not need any prior
sequence information, and 5) it allows direct ahgniof target gene. However, dis-
advantages of this technique are that 1) it requéiigpropriate restriction sites in cDNA,
and 2) it will not identify constitutively expreskparasitism genes.

A comprehensive cDNA-AFLP analysis on the expresgattern of various
stages ofG. rostchiensis was done by Qin et al (2000). In total 16,500 scaipt-derived
fragments were analyzed of which 216 were clonedjusnced, and used for further
analysis. In chapter 4 we used 7 of these fragmdatisr named SPRYSECs (SPRY:
similar to domain found in 3R and RYanodine receptors, SEC: seted), to study the
role of the corresponding genes in nematode-pidatactions.

Functional characterization of nematode effectors

The list of genes coding for putative parasitismeagefrom plant-parasitic nematodes has
been growing exponentially over the last yearsa8twnajority of these putative parasitism
genes has no match with functionally annotatedemosequences in the non-redundant
databases. Earlier it was thought that a fully seqee genome dfaenorhabditis elegans,

a free-living bacteriovorous, would aid significlgnin the functional characterization of
putative parasitism genes. However, many genedifidehin plant-parasites do not have a
functional counterpart irC. elegans, thus making its genome sequence a resource with
limited value for our understanding of nematodeapiiism (Gao et al., 2003). Therefore,
other more sophisticated methods are being depltyestudy the features of the novel
parasitism genes that may point at a specific oblhe encoded protein in nematode-plant
interactions. This section gives an overview of tuerent methodologies used to study
pioneering nematode genes including bioinformagestein structure modeling, inference
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of phylogeniesjn situ hybridization microscopy, knock-down genes, anditgin-protein
interaction studies. Each of these methods have bseth in the following sections of this
thesis.

In silico analysis of candidate effector proteins

Putative parasitism genes are often first idemtifis gene fragments in ESTs or transcript
derived fragments (TDFs) in cDNA-AFLP that requinerther efforts such as contig
building, sequence cluster analysis, and speaifiplidication of the cDNA ends to end up
with the full gene sequence. Once the full-lengtfjuence is resolved the first important
feature to look for in the encoded protein is thespnce of N-terminal signal peptide for
secretion (Nielsen et al., 1997). In eukaryotesstnod the secreted and membrane proteins
are exported through the secretory pathway (typedretion system) via short N-terminal
signal peptides. Typically, signal peptides are abdtramino acid long, including N-
terminally positioned charged residues, followedablyydrophobic core, and a more polar
carboxy-terminal region (Von Heijn, 1985; Rapopd®92). Several computer algorithms
build on the SignalP script, such as in PexFinder @PIT, have been used to distinguish
between genes coding for cytoplasmic and secretagips of plant pathogens (Torto et
al.,, 2006; Vanholme et al., 2006). The N-terminagnal peptide conditions the
translocation of a protein into the endoplasmagticulum (ER). Further separation
between proteins that remain in the ER, the Golugi/a@ the cell membrane and proteins
that are secreted depends on the presence of warm@ne regions and/or specific
retention signal sequences. The next logical stegelecting candidate parasitism genes is
therefore to check if the protein includes likalgrismembrane regions or retention signals
in its sequence. Proteins with an N-terminal sigpaptide for secretion but lacking
transmembrane regions and other specific retensigmal collectively constitute the
secretome of the nematode (see Chapter 4).

Resolving the protein structure may be key to ustded its biological function,
and its role in parasitism and/or disease developn@omparative or homology modeling
predicts the three dimensional structure of thgetaprotein sequence based primarily on its
alignment to one or more proteins of known struetfiemplate). For example, if members
of a protein family share >50% pair-wise amino asiidhilarity and the structure of one
member is determined, it can be used for homologgeting of other family members
(Marti-Renom et al., 2000; see Chapter 4). Comparahodels can be helpful in designing
mutants to test the function of proteins (Boisselle 1993), to identify active binding sites
(Ring et al.,, 1993), predicting antigenic epitop&ali et al., 1993; see Chapter 5),
simulating protein-protein docking (Vakser, 199@pnd confirming a remote structural
relationship (Miwa et al., 1999). In chapter 4, hamee-dimensional structure model of
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SPRYSEC-19 was determined by using remote homolaggeting, which was later used
to construct a consensus structure model for bedthimg family members. Based on
modeling study, antigenic peptides were designedasiable loop regions and antibodies
raised were used for immuno-detection of SRPYSEGlyamembers (Chapters 4 and 5).

L ocalization of candidate effectorsin nematodes

The esophageal glands in the plant-parasitic neraatmd believed to be an important
source for nematode effectors involved in nematudat interactions. A second important
step in the identification of putative effectorstisassay for a specific expression of the
candidate effector gene in the esophageal glandsimgin situ hybridization microscopy
on whole mount nematodes. Further evidence in stgb@ role as effector in nematode-
plant interactions may be found by using specifitisera for immunolocalization of the
corresponding protein in stylet secretions and niongortantly in plants infected with
nematodes; however, raising specific antisera tsantrivial exercise. The heterologous
expression of nematode proteins in bacteria andtyeehich is required for antiserum
production, has often proven to be difficult. Neat proteins have to be genetically fused
to hydrophilic carrier proteins, such as maltosedlrig proteinmalE or glutathione-S-
transferase (GST; see Chapter 5), which reducespheificity of the antisera. Synthetic
peptides designed on the products of candidatesitiasma genes have also been used to
raise specific antisera to circumvent the diffimdtwith expressing nematode proteins in
bacteria and yeast. The success rate of this agpisdow, which makes it not suitable to
be implemented in a high-throughput decision sche@mnsequently, in spite of the
superiority of the evidence it may providie planta immunolocalization of candidate
nematode effectors has been done for only two reeagenes to date (Wang et al., 1999;
Jaubert et al., 2005).

Functional analysis of candidate effectors by RNA interference

Without further knowledge of the role of a genegparasitism a knock-out or knock-down
may lead to valuable information on its importantegarasitism. For the majority of the
genomic loci ofC. elegans knock-outs (and knock-downs; see below) have blegeloped

to study the associated phenotype. Complete sitraakduction pathways have been
resolved by systematically making knock-outs andckadowns in this nematode species.
Unlike C. elegans, plant-parasitic nematodes have a long generditiog, often a sexual
mode of reproduction, and an obligate parasitestifle, which have been insurmountable
obstacles to achieve knock-outs by genetic transition. In 1998, Fire and coworkers
discovered a phenomenon @ elegans which is now known as gene-silencing by RNA
interference (RNAI). RNAI is the ability of doublstranded RNA (dsRNA) to direct
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sequence specific degradation of homologous RNA.riéehanism of RNAI is thought to
be conserved in all eukaryotes. Since its discQRNAI has been exploited as a functional
genomics tool in insects (Kennerdell and Carthe298), amphibians (Oelgeschlager et al.,
2000), mammals and plants (Silva et al., 2004).

When dsRNA is introduced into a cell it is recogmizy a protein named Dicer,
an RNase Ill family nuclease (Fig. 3). Dicer cleave an ATP dependent manner the
dsRNA into 21-23 bp duplexes of small interferinbi& (siRNAs) with a 2-nucleotide
overhang at 3" end. These siRNAs are also calledapy small interfering RNAs. siRNAs
further associate with an RNA induced silencing ptex (RISC) which is activated upon
unwinding of the siRNA. The activated RISC, whilergang a single stranded anti-sense
strand of the siRNA duplex, scans the whole mRNAuytation of the cell to find
homologous mRNA transcripts which results in theavhge of target mRNA ~12
nucleotides from 3" end of the hybridized siRNA #etsov, 2003; Tijsterman et al.,
2002).
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Figure 3. The mechanism of RNAI. Courtesy of V. V. Kuznet$2000)
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The effect of silencing by RNAI is amplified whenetlprimary siRNAs act as
primers for synthesis of longer dsRNA using tam&NA as template. This amplification
is mediated by RNA-directed RNA polymerase (RdRH)e long dsRNA is again the
substrate of Dicer, resulting in the productionsetondary siRNAs, which can lead to
target MRNA degradation as well (Forrest et alQQ0

RNAI functions autonomously in mammalian cells bah be spread systemically
to other cells and tissues in nematodes and plen&.elegans RNAI occurs when bacteria
expressing dsRNA are fed to nematodes, by soakieagqématodes in a dSRNA solution,
and by microinjection of dsRNA into the nematod&arfath et al., 2003). It has been
speculated that an alkaline environment in thestiite of C. elegans and in other
nematodes may avoid degradation of dsRNA. RNAidading nematodes dsRNA may be
used effectively to study the importance of paigsitgenes in plant-nematode interactions
(Bakhetia et al., 2005).

The potato cyst nematode is an obligate biotrophdhly feeds from specialized
feeding cells in a host plant. This aspect of tladogy of the potato cyst nematode raised
the question on how to deliver dsRNA into the itifeznematode at the onset of parasitism
when it has not yet commenced feeding from hodtaygbplasm. A breakthrough in this
field came when Urwin et al (2002) published a rodthio chemically induce feeding
behavior in pre-parasitic juveniles. We have inedstonsiderable effort in this method to
optimize it forG. rostochiensis and used it to study the effect of a nematodeilealé as a
model system. The cellulases were chosen becausaniispated an easily observable
phenotype associated with successful knock-dowhat 1B, lack of host penetration and
intracellular migration (see Chapters 2 and 3).

Heter ologous expression of parasitism genesin plants

Eliminating one specific nematode gene from the mdér interplay of host and parasite
as described above is likely to provide insighbitite importance, if not the role, of that
particular gene. Conversely, constitutive over-egpion of a nematode gene in a host plant
followed by nematode infections may also shed Ilgyhtthe role of that particular gene in
the interaction (see Chapter 4). Nematode effeciodsice major morphological and
physiological changes in a host such that the bostains nematode feeding for a long
time. The phenotypic changes induced by the overesgmn of nematode parasitism
genes may result in a direct effect on plant groant development that can be related to
the nematode-induced changes in a host plant. T the best characterized example of a
profound effect of a nematode gene on plant moggylis the over expression of a
nematode chorismate mutase in soybean, which eglsitabnormal morphology of lateral
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roots. This observed phenotype was attributed weetoconcentrations of auxin which
inhibited vascularization of the giant cells (Dogied Lambert, 2003).

Cellular targets of nematode effectorsin host cells

The oral stylet of plant-parasitic nematode deliveffector proteins in and around host
cells. The cellular targets of these stylet seanstimay reside as extracellular receptors in
the plasma membrane of host cells, or alternativeitacellularly in the host cell cytoplasm
and nucleus. The heterologous expression of nematffdetors fused to the green
fluorescent protein in plant cells may provide mfiation on the sub-cellular compartment
that is targeted by these nematode effectors. dihis approach, Tytgat et al (2004) found
that an ubiquitin extension protein (Hs-UBI1) inetlstylet secretions oHeterodera
schachtii targets the nucleus of host cells. Gao et al (2G68nd that 15 out of 51
candidate effector genes HE glycines include nuclear localization signal suggesting tha
the host cell nucleus is an major target for ned®ieffectors. In chapter 4, we have used
genetically fused GFP constructs to assess theshulac targeting of the SPRYSECs in
plant cells.

Molecular targets of nematode effectorsin host cells

Nematode effectors are likely to interact with hpksint molecules in and outside the host
cells. The yast wo hybrid method (YTH) has been widely used in plartsce® identify
interacting proteins. YTH is based on reconstitutaf a functional transcription factor
GALA4 consisting of two functional domains, i.e. DNvinding domain (BD) and activation
domain (AD). In our projects, a prey cDNA libratyat is made from host tissues is fused
to the AD-domain of GAL4, whereas the pathogen emots fused as bait with the BD-
domain of GAL4. Upon co-transformation of an auxphig yeast strain with the prey and
the bait plasmids, a physical interaction of baitl gorey may bring the BD- and AD-
domain together again which will drive the trangtian of nutritional markers downstream
of the GAL4 promoter region (Chien et al., 1991¢l8$ and Sternglanz, 1994).
Furthermore, the interaction is often validated arapped by inducing mutations in bait or
prey proteins and reversal of the bait and preystants. In chapter 5, we have used YTH
to identify interacting host proteins of one of HIBRYSEC family members.

The bait-prey interaction in YTH reconstitutes thel@Aranscription factor in the
nucleoplasm of yeast cells. While some of the pidsas gene products may target the
nucleus of host cells, others may interact with thpeoteins in other subcellular
compartments of host cells. Physical interactitnas &re found in the nucleoplasm of yeast
in YTH may not occur in the cytoplasm of host cellherefore, in order to assess the
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biological relevance of physical interactions foumdYTH they need to be confirmed
independently by other methods such as co-immueoigitation and pull down assays
vitro or preferably in plant cells. To achieve a pull dowither bait or prey protein is
expressedn vitro as GST-fusion protein and immobilized on sephalmsds by affinity
chromatography (see Chapter 5). The putative ioterdn vitro translated bait or prey) is
incubated with the sepharose beads containing inizedb bait or prey followed by their
elution together, hence confirming their interacti®@mith and Johnson, 1988; Sambrook
and Russell, 2001).

Outline of thethesis

A comprehensive understanding of molecular nemaptalet interactions relies on the
identification and functional characterization dfieetor proteins operating at the interface
of nematode and host plant. The overall objectivihefthesis was to study the role of one
particular family of effector proteins, the SPRYSE@®sm the potato cyst nematod
rostochiensis.

To this purpose, we first had to develop a methote$d the importance and to
assess the role of candidate effectors in nemagitade-interactions. As the potato cyst
nematode is not prone to any sort of genetic mdatijonn, we pursued on a method to
knock-down genes in nematode by RNA interferencHAIR Chapter 2 of this thesis
describes a protocol to achieve RNAI in potatot aysmatodes, which enabled us to
silence two cell wall degrading enzymes, an ampieicteted protein, and one SPRYSEC
gene. Chapter 3 describes two novel and most abticdfiulases in potato cyst nematode
secretions, which we used to show that our RNAickadown method can provide us
insight in the importance of nematode genes in pesetration and intracellular migration.

In the second part of this thesis, we used cDNA-AREETSs from different cDNA
libraries, and whole mounh situ hybridization microscopy to identify a novel fayniof
nematode effectors named the SPRYSECs. Overexpneskat least one member of the
SPRYSEC gene family in plants suggests that thefestefs may be involved in the
suppression of basal immunity (Chapter 4). Chaptdescribes the finding of a physical
interaction of SPRYSEC-19 with the LLR domain of a §B-LRR-type immune receptor
in tomato roots. This CC-NB-LRR protein is a likelember of the SW5 R gene cluster of
which other members condition disease resistancmdpoviruses. We, however, have
found no evidence that the interaction between SHRY-19 and the CC-NB-LRR is
involved in nematode resistance.

Finally, in chapter 6 our findings are discussedniore detail with a focus on the
use of RNAI in the functional analysis of nematadfectors. Furthermore, we propose a
model to explain how the physical interaction betwea SPRYSEC and a CC-NB-LRR
protein may affect disease signaling componenpdaints.
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RNAIi method

Abstract
RNA interference (RNAI) has been used widely aso@ for examining gene

function and a method that allows its use with plparasitic nematodes has
recently been described (Urwéhal. (2002), Mol. Plant-Microbe Interact. 15, 747-
752). Here we use a modified method to analyséuthetion of secreted beta-1,4-
endoglucanases of the potato cyst nematGtighodera rostochiensis, the firstin
vivo functional analysis of a pathogenicity proteinaoplant parasitic nematode.
Knockout of the beta- 1,4-endoglucanases reduceclbility of the nematodes to
invade roots. We also use RNAI to show thabms-1, a secreted protein of the
main sense organs (the amphids), is essentiabkiribcation.

Additional Keywords: amphid secreted protein, Wlake, gene silencing, invasion.
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Chapter 2

Introduction

Plant parasitic nematodes are pathogens of almbstraps grown worldwide causing
damage valued at over $75 billion per annum (Sa&sereckmann, 1987). The most
economically important species are the biotropbiat iknot (Meloidogyne spp.) and cyst
forming (Heterodera andGlobodera spp.) nematodes. Feeding by these nematodes @& not
passive process. Invasive stage juveniles invades of potential host plants and migrate
to a cell suitable for feeding site induction. dnsusceptible interaction the nematode
induces the formation of a feeding site, a highlgtabolically active multinucleate
structure on which the nematode feeds for the Bekiveeks. Expression patterns of many
plant genes, including those controlling fundamignienportant developmental processes
such as the cell cycle, are adjusted in the feesiteg The molecular processes underlying
feeding site development have been reviewed rgcei@heysen & Fenoll, 2002).
Secretions of the subventral and oesophageal glaltgl have been the subject of intense
study as it is thought that they play importanesoln many aspects of the host-parasite
interaction including host invasion and inductiondamaintenance of the feeding site
(reviewed by Davist al., 2000). As a result of these studies, most mptdie use of
expressed sequence tagsg( Popeijuset al., 2000a), genes encoding many secreted
proteins have been identified in PCN and othertptemasitic nematodes. Some secreted
proteins have functional roles in the host paragiteraction that can be readily tested.
Genes that encode secreted plant cell wall degyashimymes (Smaret al., 1998; Popeijus

et al., 2000b), antioxidant proteinge.¢ Robertsonet al., 2000) and chorismate mutase
(Joneset al., 2003) have a predicted biochemical function et be verifiedn vitro.
However, the roles of these proteins/ivo remain to be tested and many other genes have
been identified that encode secreted proteins amdxpressed solely in the oesophageal
gland cells, and are therefore candidates for pretthat are important in host parasite
interactions, but that have no easily predictablecfion on the basis of sequence similarity.
There is therefore the need for systems that allemedunction to be tested vivo to be
developed and tested.

In C. elegans and many other organisms RNA interference (RNAS been used
to investigate gene function in detail. This tegne uses the fact that exposure of an
organism to double stranded RNA (dsRNA) from a gefeinterest causes post
transcriptional silencing of the endogenous gend allows a null phenotype to be
mimicked (Fireet al., 1998). RNAI has been used for genomic scalgiessuinC. elegans
(eg. Maedaet al., 2001) but until recently could not be used wglant parasitic
nematodes, as the invasive stage juveniles dithketup dsRNA from solution. Recently,
Urwin et al. (2002) described a method that uses a neurotiiesnoctopamine, to induce
feeding in invasive J2 of PCN allowing uptake oR8B\ from solution and used this
method to knockout several genes, including oneding a digestive protease.
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Here we describe some modifications to this teamnitpat allow it to be used to
perform functional analysis of a variety of PCN teins, including potential pathogenicity
proteins — secreted endoglucanases. A family afegeencoding secreted R-1,4-
endoglucanases has been identified in PCN (Setaait, 1998) and other plant parasitic
nematodes (Rossa al., 1999). These genes are expressed in the sualvgignd cells
and are secreted from the nematode during migrétiamugh the host root (De Boet al.,
1999;Wanget al., 1999). This, coupled with the observation thatglants own cell wall
degrading enzymes are responsible for the degoadaif the cell walls within the
syncytium (Goellneet al., 2001) suggests that the functional role of tamatode 3-1,4-
endoglucanases is degradation of plant tissuesdigr @o facilitate invasion and migration.
We show that the secreted cellulases of PCN aentakfor successful invasion of host
tissues. In addition we demonstrate that a satiigtein of the amphids, the main sense
organs of nematodes, is critical for host locatiBarthermore, we also show silencing of
dorsal esophageal gland specific gene SPRYSEC-1%, Tbivever, did not affect the
infectivity of the nematodes suggesting that itaction may be compensated by other
homologs.
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Materialsand M ethods

Biological Material

G. rostochiensis was maintained in a glasshouse on the susceptittatop Solanum
tuberosum) cultivar Désirée using standard protocasy.(Joneset al., 1996). Invasive
stage juveniles were obtained by soaking driedscfat 5 days in sterile distilled water
(SDW) followed by incubation in tomato root diffusa(TRD) prepared as described by
Blair et al. (1999). Nematodes harvested for RNAi experimergsewised within 24h of
hatching. Potato plants (cultivar Désirée) used ifmasion studies were maintained in
sterile tissue culture using standard protocolsiiy 1995).

Generation of dsRNA

Regions of cDNA were selected for silencing by RNwd PCR primers were designed to
amplify the selected fragment. Two PCR productsewgemerated for each gene with the
T7 promoter sequence incorporated at the 5’ endtluérethe sense or the antisense strand.
For the Gr-ams-1 gene a region from nucleotides 171 to 415 of tB&A& sequence
(Accession number AJ270995) was used. Primers AMSFST7F, AMSR and AMST7R
(see below) were used to generate this fragmemtr the Gr-eng genes a region from
nucleotides 299 to 608 of ther-eng-1 cDNA sequence (Accession number AF004523)
was used as this showed very high (over 98%) giityildo the Gr-eng-2 (Accession
number AF004716) cDNA sequence and also had higfilasity to the Gr-eng-3/4
sequences (Accession numbers AF408155 and AF408h6k)ding stretches of 20nt with
over 95% identity suggesting that it should be iidssto reduce expression of all
characterised endoglucanase genes with the samdAdsRPrimers ENGF, ENGT7F,
ENGR and ENGT7R (see below) were used to generatérdgment. For SPRYSEC-19,
a region from nucleotides 179-637bp of the cDNA usgge (Genbank accession
AJ251757) was used to generate silencing fragm&® pp), by using Primers A18F,
T7A18F, A18R, and T7A18R. PCR products were purifisihg a PCR purification kit
(Qiagen), quantified by spectrophotometry and used the templates foin vitro
transcription reactions using a Megascript RNAi(Rimbion) following the manufacturers
instructions. The single stranded RNAs generateah feach of the two strands were then
annealed by heating to %G for 5 minutes and allowing to cool to room tengtere. The
dsRNA was then treated with DNAse to remove temaplatirified using columns supplied
in the Megascript kit and precipitated under etthan®dhe dsRNA was resuspended in
DEPC treated water (Sambroetkal., 1989) and quantified by spectrophotometry.

RNAI by soaking

A method was developed based on that describedninlét al. (2002) but incorporating
features of the soaking method used@oelegans studies (Maedat al., 2001). Several
thousand J2 were soaked in % X M9 (1X M9 = 43.6m&pHPO,, 22 mM KHPO,,
18.7mM NH,CI, 8.6mM NacCl) containing 50mM octopamine, 3mM ipieline, 0.05%
gelatin and between 2 and 5mg/ml dsRNA for at l&akthours in the dark at room
temperature on a rotator. Control samples werebiaiead in the same solution but without
dsRNA. After soaking the nematodes were washegetfimes in ¥4 X M9 to remove
dsRNA. An aliquot of the dsRNA was checked on garase gel stained in ethidium
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bromide to verify that degradation had not occudedng the soaking process. An aliquot
of the nematodes was removed for invasion studigsthe remaining nematodes were
frozen in liquid nitrogen and stored at 280before being used for RNA extractions. The
FITC in the soaking solution and hand sorting of awmes showing FITC uptake
described by Urwiret al. (2002) was found to be unnecessary and was therefoitted
from the protocol. RNAI experiments were repeatedat least three separate occasions
and, where possible, in both laboratories parttaigan this study.

Invasion studies

Internodal cuttings were taken frantuberosum (cv Désirée) grown in sterile culture and
grown in 12 well plates containing MS20 medium. r BPRYSEC-19, the internodal
cuttings ofS. tuberosum Line-V were grown in 9 ciPetri-dishes containing MS20 media.
Preliminary studies showed that invasion ratesuchscuttings were similar to those in pot
experiments (L. Castellin preparation). Nematodes treated with dsRNA and control
nematodes were sterilised by soaking for 30 minut&s1% chlorohexidine digluconate &
0.5pug/ul CTAB followed by two 5 minute washes i01% Tween 20 with a final rinse in
SDW. The SPRYSEC-19 dsRNA-treated nematodes wefacsusterilized as reported by
Goverse et al. (2000). The nematodes were checkegrua light microscope after
sterilisation to ensure that they were still alivé00 nematodes were used to infect each
plant. Plants were stained in acid fuchsin (Bridgal., 1982) two weeks later in order to
determine the numbers of nematodes that had invadeédet up feeding sites. Replicate
experiments were performed and the entire expetinvas repeated. Plant root systems
were of approximately equal size and mass (not show

RT-PCR

RNA was extracted using a Micro Fast Track kit (fragen) following the manufacturers
instructions. Each batch of mMRNA was checked fontamination with gDNA by
performing a PCR reaction with actin primers (béldvefore use. The entire mMRNA
extraction for each sample was converted to firsinsl cDNA using a SMART cDNA
synthesis kit (Clontech) following the manufactgrarstructions. Aliquots of the resulting
cDNA were then used in PCR reactions containing Teq buffer (Promega), 1.5mM
MgCl,, 200uM dNTPs, 1uM each primer (below) and 2.5 umdag DNA polymerase
(Promega). Cycling conditions consisted of ondecyt denaturing at 9€ for 2 minutes
followed by 35 cycles of 30s denaturing af@430s annealing at 50-%5 (depending on
the primer combination) and 30s extension 4C72Aliquots of the reaction were removed
after 22, 26, 30 and 35 cycles. For each expetiftem PCR reactions were set up: two
reactions using control primers (ACTF and ACTR) gasi to amplify a fragment of the
actin cDNA from the control and dsRNA treated cDNamples and two reactions using
primers (XXTESTF and XXTESTR) designed to amplify a fmagt of the gene being
silenced. In all cases the latter primer set wesgthed to amplify a different region of the
gene than that targeted by the dsRNA fragment. Pf@Ructs were visualised on 1.5%
agarose gels stained with ethidium bromide usimgdsrd protocols (Sambroadt al.,
1989).
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Table 1. The sequences of the oligonucleotide primers us#dte experiments

Primer name Forward primer (5’-3") Reverse printfJ’)

AMS CAGGGCCAATGCCGGAATAT GGAGACTCTCAGTGCTTCAC

AMST7 GTAATACGACTCACTATAGGGCAG GTAATACGACTCACTATAGGGG
GGCCAATGCCGGAATAT GAGACTCTCAGTGCTTCAC

ENG GTTGCCGTGATTGAGGC TCTTTGATCGGATTCTGCGA

ENGT7 GTAATACGACTCACTATAGGG GTAATACGACTCACTATAGGGT
GTTGCCGTGATTGAGGC CTTTGATCGGATTCTGCGA

ACT ATGTGYGAYGARGARGTNGC ATYTTYTCCATRTCRTCCCA

AMSTESTF CCGCCTCAATGAACTGCATT TACTTACTCTCTTTCTCAGATATTA

ENG1/2TEST CACATTGTGTTCTGTAACGC

ENGI1TEST GTTGAGACAACAGTGACGCT

ENG2TEST CAGCGGCAGGTTTGGCCGGAGGCG

ENG3TEST GGCAACCGCTTTTGGGTG CCAAAGTGCCAACTCTTTGAGA

Al8F GCACATCACAAGGACCTGA AGGCATGAACATCGAAACG

T7A18 TAATACGACTCACTATAGG TAATACGACTCACTATAGG
GCACATCACAAGGACCTGA AGGCATGAACATCGAAACG

RtA18 AGCCAGTGCTGGCAATGC GATAATGTTTTGATCGACGAAGAA

GAPDH GTTCATCGAACTCGACTACAT GTCATATTTGTCCTCGTTGAC
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Results

A modified protocol combining features of that désed by Urwinet al. (2002), most
notably the use of octopamine to induce feeding, features of the method used for high-
throughput screening i@. elegans (Maedaet al., 2001) (see Materials and Methods below)
allowed reproducible silencing of the genes beésyetd. The addition of spermidine to the
soaking mix and incubation of the nematodes for @timpared to the 4 hours described
by Urwin et al., (2002))seemed to be important factors. For example, viRie®PCR was
used to compare levels of gene expression in netestafter 4 hours exposure to dsRNA,
no reproducible drop in levels of the endogenoud\NmRvas observed with either tlaens-

1 or eng genes (not shown).

An amphid secreted protein is essential for sense organ function

The amphids of PCN contain seven nerve processaseao the external environment
that are bathed in secretions produced by a shedltthat forms the cavity of the amphid
(Joneset al., 1994). Although little is known about the rafthe secretions produced by
the sheath cell, secretions of insect sense omanenportant for their functiore. Vogt

et al. 1990) and nematicides that target sensory pemepii nematodes cause changes in
the appearance of these secretions (Trett & P&885). It is therefore likely that the
amphid secretions are important for the functionttifse sense organs. We therefore
attempted to silence a gen@r{ams-1) that encodes a secreted protein and is expressed
solely in the sheath cells of the amphids of PCdhé3et al., 2000) and that is therefore
likely to encode a protein forming part of the atdpkecretions. RT-PCR experiments
comparing expression of thér-ams-1 gene in dsRNA treated and control nematodes
showed that the RNAI procedure did indeed result ilown regulation of th&r-ams-1
mRNA (Fig. 1).

Expression of a control gene (actin) was, by contsamilar in both treated and
untreated samples (Fig. 1). Infection studies gtbuhat the treated nematodes were
almost completely unable to locate and invade plastts as compared to the controls (Fig.
2). All nematodes (control and dsRNA treated) wexamined under a microscope after
treatment and sterilisation. In all cases the nedes were alive and moving normally
before being used for experiments.
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22 cycles 26 cycles
Actin ams-1 Actin ams-1
M C T c T M C T C T

Figure 1. RT-PCR analysis of levels of ams-1 and actin rARN control nematodes (C) and
nematodes exposed to ams-1 dsRNA. After 22 cycleand of the expected size is amplified using
the ams-1 primers from control nematodes but nalbarpresent in nematodes exposed to ams-1
dsRNA. After 26 cycles the ams-1 band is presenafliall samples but is present at far higherleve
in control samples. Amplification of a band froratia is similar in control and ams-1 samples.
These data indicate a specific reduction in amsistript in nematodes exposed to ams-1 dsRNA.

M — 100bp ladder (Promega).

20

1 1 1 1 I;_LI_II 1 1 1 |[_1|,D,|
Controls ams-1 dsRNA treated

Figure 2. Numbers ofG. rostochiensis invading roots of potato after exposure to cortirehtment or
ams-1 dsRNA. Each column represents a single.plant
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RNAI of nematode cellulases leadsto reduced infectivity

A family of genes encoding secreted 3-1,4-endoglases has been identified in PCN that
have been suggested to degrade plant tissues @n wrdacilitate invasion and migration.
Our RNAI experiments supported this. RT-PCR experits showed a decrease in the
levels of the mRNA ofngl (Fig. 3) when compared to control genes. Someedserin
the levels ofeng3/4 was also observed (Fig. 3). Invasion studies sbaat treatment of
J2 with cellulase dsRNA significantly reduced (R3:002) the ability of the nematodes to
infect plants. Although data was variable, on ageralmost twice as many untreated
nematodes were present in each plant as compatkds®e treated with dsRNA (an average
of 11.9 nematodes per plant compared with an ageecdigs nematodes per plant). We
compared the developmental fate of those nematihdesvere able to infect plants. No
differences were found in nematode developmentgroaifemale) that could be attributed
to treatment with dsRNA. The proportion of feedmgmatodes that had a greatly swollen
appearance suggesting development to females Wwasrdontrol samples compared with
60% in dsRNA treated nematodes. Far fewer nematod@ded each plant in dsRNA
treated nematodes, which may explain the appatsifit ia sex ratio towards female
development. Clearly there was no evidence ofeadtrtowards male development in
dsRNA treated nematodes. The location of nematfimésot the feeding sites) within the
plant root was also compared. In control sampl&$ 4f the nematodes were lying close to
the vascular tissue of the plant roots while thmai@ing 60% had settled in more
peripheral root tissues. In nematodes treated WsfRNA these figures were 37.5% and
62.5% respectively. This suggests that for theutzede a proportion of the nematodes were
affected by the RNAIi procedure with other nematageaffected.
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Figure 3. RT-PCR analysis of levels of endoglucanase geqpeession compared to two control
genes in control nematodes (Con) and nematodesedpo eng-1/2 dsRNA. Levels of eng-1 and
eng-3 mRNA are reduced in samples exposed to ehgsRNA. Levels of two control genes, actin
(3a) and GAPDH (3b), are similar in control and tesmples. M — 100bp DNA ladder (Promega).

RNAI of nematode SPRY SEC does not lead to reduced infectivity

The dorsal esophageal gland specific gene SPRYSH@slBeen shown to be expressed in
pre-parasitic J2s (Qin et al., 2000; see chaptetrddrder to investigate the efficacy of
RNAI on a dorsal esophageal gland specific gen&@ B CR was done on mRNA isolated
from SPRYSEC-19 dsRNA treated and non-treated rmeat (Fig. 4). We observed a
significant decrease in SPRYSEC-19 mRNA levels iRNA-treated nematodes as
compared to the control sample. However, invastodiss showed that treatment of J2
with SPRYSEC-19 dsRNA did not significantly reduites ability of the nematodes to
infect plants (data not shown).

SPRYSEC-19 GAPDH
BVIE FC "=

85|
65

Figure 4. RNAIi of dorsal esophageal gland specific gene WHRC-19. RT-PCR analysis of
SPRYSEC-19 mRNA in control (C) and SPRYSEC dsRNested (S) nematodes. GAPDH mRNA
was uses as a control for off-target effects. Mkls DNA ladder.
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Discussion

The data presented here show, for the first timat RNAiI can be used to analyse the
function of a pathogenicity factor of a plant paiasnematode. We found that the
efficiency of the procedure could be enhanced bmhkining features of the method
described by Urwiret al., (2002) with some of those used for high-throughgmalysis of

C. elegans genes. A 24 hour incubation period, as compareadeal hours used by Urwin
et al., (2002), seemed to be particularly importafstcomparison of the data obtained from
a gene expressed in sense organs with a gene sxgras the subventral gland cells
showed that a certain amount of variability wasspre, with theams-1 gene seemingly far
more susceptible to RNAI than themg genes. This variation may be gene specific
(possibly associated with levels of expressionhef genes) or may relate to the tissues in
which the genes are expressed. It is also postitae the fragment targetingms-1
contained more regions particularly suited for gatien of silencing RNAs than the
fragment targeting the endoglucanase genes othbatifferent sized fragments of dsRNA
used to silence the two genes had an effect (aith@ularger fragment was used for the
endoglucanases). Indeed, there are many possi®ns for the observed differences in
silencing efficiency and since the mechanisms uyiber gene silencing are still in the
process of being uncovered it is not possible atestvith any confidence the real reasons
for the observed effects.

Functional experiments using pathogenicity genes/ rgive phenotypes that
require detailed analysis or that are difficultsimore. In order to verify that the RNAI
method was working and could be usediforvivo studies we first sought to disrupt the
function of a protein of the main sense organs @iinghids) of PCN. The rationale for this
was that disruption of sense organ function shgild rise to an easily scored phenotype,
an inability to locate host roots. The functiontbé AMS-1 amphid secreted protein is
unknown but the data presented here suggest thgtesential for normal sense organ
function. InC. elegans at least eight genes encoding proteins simil&Ms-1 are present.
The function of these genes has been examined aofplarge-scale RNAI studies but
these studies have not revealed a role for anjedtelegans genes in sensory perception.
However, the scale of these studies mean that femqiypes are analysed in detail and it
is likely that a subtle effect, such as disruptadrsensory perception, would be missed in
such screens. We have previously demonstratedatiatst one other similar protein is
present inG. rostochiensis. However, the gene encoding this other proteexjmressed in
the hypodermis (Jones al., 2000) and it is therefore possible that this grofiproteins
has a role in the secretion process in a varieteafatode tissues.
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Plant parasitic nematodes have been shown to peoduariety of endogenous
plant cell wall degrading enzymes. These enzymesecreted by preparasitic J2 and by
parasitic J2 during migration of the nematodes iwitlhe root (De Boeet al., 1999).
Expression of the plants own endogenous cell wafratéing enzymes is induced in
nematode feeding sites in order to achieve thekdmen of the plant cell walls that
accompanies development of the syncytium (Goekhal., 2001). It is therefore thought
that the role of the nematode cellulases is teeaadind break down plant cell walls in order
to assist nematode migration through the root.

The secretions from the dorsal esophageal glandhaxgght to be involved in
feeding site induction and maintenance (Wyss & Zudk86, Smant et al., 1998; Popeijus
et al.,, 2000; Qin et al.,, 2004). To investigate #fficacy of dsRNA mediated gene
silencing in the dorsal esophageal gland we us&lYSIEC-19 as a target gene because of
its specific expression in pre-parasitic J2s (Qialg 2000). The function of SPRYSEC-19
in parasitism of cyst nematode is unknown at presBi-PCR did show significant
reduction in the transcript level of SPRYSEC-19daling a dsRNA treatment (Fig. 4).
However, reduced mRNA levels of SPRYSEC-19 did redult in an easily scored
phenotype such as the overall infectivity. The losfunction of one SPRYSEC gene may
be compensated by other homologs such that it mmesffect the overall infectivity.

Our data support that RNAi can be used as a taoinfeestigating the role of
nematode secreted proteins in the host-parasigeartton. However, experiments using
the eng treated nematodes suggested that in this caseparfiom of the nematodes were
not affected by the dsRNA treatment. These nemastddfected plants and developed
normally. Although enough nematodes were affettedllow the expected phenotype to
be detected, analysing a phenotype where the gegng silenced is of unknown function is
likely to be challenging if only a proportion ofemematodes is affected.
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Abstract

Plant-parasitic cyst nematodes secrete cell wadifyiog proteins during the invasion of
host plants. In this study we used a monoclonabady to immunopurify and to sequence
the N-terminus of the most abundant cellulasesyiletssecretions of pre-parasitic juveniles
of Globodera rostochiensis. The N-terminal amino acid sequence perfectly neatctine
sequence of an expressed sequence tag of two gamtjcal endoglucanase genes, named
Gr-eng3 and Gr-eng4, which show relatively low similarity with the preusly identified
Gr-engl andGr-eng2 (i.e. 62% similarity and 42% identity). The recomdnitly produced
proteins from Gr-eng3 and Gr-engd demonstrated specific activity on
carboxymethylcellulose indicating that these geeesode active cellulases. Knocking-
down Gr-eng3 and Gr-eng4 using RNA interference resulted in a reductiomematode
infectivity by 57%. Our observations suggest that teduced infectivity of the nematodes
can be attributed to poor penetration of the hogitst system. The cellulases in cyst-
nematodes occur in three possible domain structaréants with different types of
ancillary domains at the C-terminus of the glycdsydrolase family 5 (GHF5) domain. We
used Bayesian inference to show that the phylogénlye GHF5 domain does not support
the evolution of cellulases by sequential losshese ancillary cellulose binding domains
and linkers.

Additional keywords: evolution,p-1,4-endoglucanase, plant-nematode interactions

Genbank accession: Gr-eng3, AF408155 (mRNA) and O8EB4 (gene); Gr-eng4,
AF408156 (MRNA) and AF408157 (gene)
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Introduction

Cellulose is made of linear chains Bf1,4 linked D-glucose and constitutes the most
abundant natural carbohydrate polymer on eartlpldnts, stacked sheets of these parallel
B-glucan polymers interconnect along their lengtthwiydrogen bonds to form insoluble
microfibrils. The microfibrils assemble into thellabose network, which represents the
main scaffolding structure in plant cell walls. Tlellulose scaffold is reinforced by
hemicelluloses, such as xyloglucans and glucurdiramaylans. This (hemi)cellulose
composite is embedded in a matrix of pectic polgsaddes and lignins, which collectively
provide plant cells with a strong constitutive aitve armor against invading parasites
(Carpita 1996; Carpita and Gibeaut 1993).

Sedentary plant-parasitic nematodes penetrate oddisst plants close to the root
apex and migrate through the root tissues unty #etle and induce the formation of an
elaborate feeding site on which they depend fonattients required for development to
the adult stage. Cyst nematodes migrate intraeelulbreaking down cell walls as they
progress from cell to cell, whereas root knot newes migrate intercellularly, softening
cell walls to aid their migration. During migraticof cyst nematodes the cell walls are
broken down by strong outward thrusts of the otgles of the nematode. Migration is
further facilitated by the release of cell wall dagjng enzymes (e.g. cellulases, pectate
lyases, polygalacturonases, and endoxylanases)tfremstylet lumen, which is connected
to three esophageal gland cells (Goellner et &l020aubert et al. 2002; Mitreva-Dautova
et al. 2006; Rosso et al. 1999; Smant et al. 18@8ara et al. 2001; Wang et al. 1999; Yan
et al. 2001). Recent studies have shown that iftiaddo the conventional enzymes listed
above cyst nematodes also secfetxpansins (Kudla et al. 2005; Qin et al. 2004)akhi
are believed to disrupt non-covalent interactioesMeen cell wall polymers making them
more susceptible to the activity of conventionatyanes.

The first nematode cell wall degrading enzymes lulzdes - were identified in
two cyst nematode species (Smant et al. 1998). ekifip antibody (MGR48) directed
towards at least three proteins in the stylet siexre of the potato cyst nematode
rostochiensis was used to purify two corresponding antigens framatode homogenates.
Following N-terminal amino acid sequencing two eklse genes, namésf-engl andGr-
eng2 and coding for proteins of 49 and 39 kDa respebtjwvere cloned using degenerate
oligonucleotide primers and PCR-based cloning (Snetnal. 1998). The third protein
recognized by MGR48 was refractory to amino-aciquseicing, and consequently its
corresponding gene could not be characterized. Memyan earlier experiments this
smaller protein proved to be the most abundantgentiin stylet secretions of the
preparasitic juveniles (Smant et al. 1997). Here,describe the characterization of two
genes Gr-eng3 andGr-eng4) encoding the 32 kDa antigens recognized by MGEsiBg a
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modified protocol for N-terminal protein sequenciagd 5’-end expressed sequence tags.
The genes code for novel cellulases comprising eoghy hydrolase family 5 (GHF5) type
of catalytic domain.

The group of GHF5 cellulases in plant-parasitic neahas entails several protein
domain structure variants. The largest variant (&gengl) includes a GHF5 catalytic
domain, a linker, and a cellulose binding domaihjlevthe novel genes described in this
paper only include a GHF5 domain. The third andringgliate variant (e.gGr-eng2)
includes a GHF5 domain and a short ancillary C-teairdomain. Ledger et al. (Ledger et
al. 2006) proposed an evolutionary model that empldhese extant domain structure
variants as a result of a sequential loss of @dkibinding domain and linker sequences. In
this paper we test this sequential-loss model ugimgiogeny inference of the domain
structure variants in cyst nematode cellulases.
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Materialsand M ethods

Nematodes

Dried cysts ofG. rostochiensis pathotype Rol Mierenbos were soaked on apifGieve in
potato root diffusate (PRD) to collect hatched prapitic second-stage juveniles (De Boer
et al. 1992). Freshly hatched J2s in suspensioe wixed with an equal volume of 70%
(w/v) sucrose in a centrifuge tube and covered withyer of sterile tap water. Following
centrifugation for 5 minutes at 1,0@Djuveniles were collected from the sucrose-water
interface using a Pasteur pipette and washed 3 timikh sterile tap water. Subsequently
the J2s were either used for experiments directtared at -80°C until further use.

DNA cloning and analysis

An oligo-dT-primed cDNA library fromG. rostochiensis second stage juveniles was
prepared in the vector pcDNAII (Invitrogen, San gog Individual colonies plated on
Luria-Bertani medium supplemented with ampicillinreeeandomly picked and grown in
1ml liquid cultures. Plasmid DNA was isolated frahe cells following overnight growth
at 37°C. The 5’-end expressed sequencing tags sudrgequently generated using cycle
sequencing with dye terminator chemistry (Popegusl. 2000; Smant et al. 1998). The
single read sequences were analyzed using thegondgasic Local Alignment Search Tool
algorithm (TBLASTN, BLASTN and BLASTP) with default setys at the National Center
for Biotechnology Information (http://www.ncbi.nlmih.gov/BLAST). One expressed
sequence tag (named GE1985) encoded a partial repaeling that showed similarity to
cellulases of various origins. The sequence siitylavith other nematode cellulases,
however, was only slightly higher than those foundother organisms. The sequence
downstream of EST GE1985 was identified using the Malversal sequencing primer
(Table 1). A start codon was missing in GE1985,dfoee, a primer (Eng-rl; Table 1) was
designed to amplify the region upstream of thewtagn combined with a plasmid derived
primer (PCDNA5-f1; Table 1) in a PCR using a plasmpiép of the cDNA library. To
confirm the integrity of the cDNA that could be dedd from the amplified fragments two
primers (Eng-f1 and Eng-r2; Table 1) were combined isimilar PCR that produced a
single band of 1194 bp. This band was cloned into g&R2.1-TOPO (Invitrogen) as
subjected to DNA sequencing. A similar PCR with giteners Eng-f1 and Eng-r2 was
performed using genomic DNA as template, which wasacted from hatched J2s by
alkaline/SDS lysis and phenol/chloroform extracti®@ulston and Hodgkin 1988). The
amplified genomic fragment was cloned into pCR2APD vector and sequenced as
described above.

The program Signal-P was used to predict the presefca signal peptide
consensus sequence (http://www.cbs.dtu.dk/ser8mgsd|P-3.0/). Protein patterns and
domains in the predicted open reading frames vekmetified using the PFAM analysis tool
as provided on the world-wide-web (http://pfam.viiesiu/hmmsearch.shtjnl
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Table 1. Oligonucleotide primers used for amplification oémmatode cDNA
(fragments) and genomic DNA. Underlined are thérict®n nuclease recognition
sites used for subcloning the fragments into the @Eression vector.

Name Primer sequence {53’)

Eng-f GAATGTGCGCTTTGATTTATG

Eng-rl GCACAACATTGCTGTTACAGC

Eng-r2 CTAAGCTTTGATTTATTCACCTTTC

Eng-pETf CACCGTCACAGCCCCTCCCTAT

Eng-pETr ACCGCGGCAACTTACT

Eng-insitu-f CCGCGGAATATGCCAAAATGAAG

Eng-insitu-r CCGGCGTAAAAGGCAATGTGTATG

PCDNAS-f GGTGACACTATAGAATACTCAAGCTATGCA

PCDNA3-r GACGGCCAGTGAATTGTAATACGACTCACT

T7ENG3-F TAATACGACTCACTATAGGGATGAAATCAATTCTGCTAAA
T7ENG3-R TAATACGACTCACTATAGGSATTGTTTGCCTCATTTTTG
RT-eng3f GATCATTCTAAGATCGGCG

RT-eng3r GGTTGCAAATGTTGTTGATT

RT-englf CTGCACATTGTGTTCTGTAACGC

RT-englr TTGAGACAACAGTGACGCT

RT-eng2r CAGCGGCAGGTTTGGCCGGAGG

RT-A41f CAAACTGATGCTTCGCCAA

RT-A41r TGAATTTGAATGGTTTCGTGC

In situ hybridization

DNA probes were amplified from clone GE1985 usihg bligonucleotide primers Eng-

insitu-f and Eng-insitu-3 (Table 1) and digoxigendldTP. J2s were fixed overnight in 2%

paraformaldehyde, cut into sections, and permeakilas described (De Boer et al. 1998;
Smant et al. 1998). Fixed sections were then inesbat 50C with sense or anti-sense

DNA-probes followed by digestion with RNAse A anttirgency washes. Hybridized

DNA-probe was detected using an anti-digoxigenitibady and alkaline phosphatase
staining (Genius kid, Boehringer Mannheim). Staid@dwere examined with differential

interference contrast microscopy (Leica, Dfeerfield)

Heter ologous Expression and activity assay

The open reading frames of Gr-eng-3 and Gr-eng-douttthe predicted N-terminal signal
peptides (nt 77 - 1015) were sub-cloned into the gBID-TOPO expression vector using
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the oligonucleotide primers Eng-pETf and Eng-pETr (Tablérhe plasmids were
introduced intcE. coli strain TOP10 to sequence the constructs. Reconttpfesmid

DNA was introduced inté&. coli strain BL21Star (DE3) for expression. Expressiothef
recombinant protein was determined on SDS-PAGE @i@tbmassie Brilliant Blue staining
and western blotting following induction of therisformants with 1 mM isopropD-
thiogalactoside.

Carboxymethylcellulose (CMC) was used as a sulesinad cup plate assay to
determine CMC hydrolyse activity of cellulase. CNIC2% w/v) was dissolved in a
phosphate-citrate-buffer (50 mM,KHPQ,, adjusted to pH 7.4 with 1 M citric acid) with
0.5% (w/v) agarose. CMC plates were incubated ogbtat 30 °C and stained with 0.02%
Congo red (Mateos et al. 1992).

N-terminal protein sequencing

Four protein bands (31, 32, 39 and 49 kDa) wereatlied with the monoclonal antibody
MGRO048 on western blots of homogenates fil@nrostochiensis. The protein band of 32
kDa was purified from homogenates @f rostochiensis J2s using continuous flow SDS-
PAGE followed by fraction identification and immurifiaity chromatography with mAb
MGR48 (Smant et al. 1998). The purified fraction wasin on an analytical SDS-PAGE
gel utilizing a Tris-tricine buffer system and bttt onto a polyvinylidine fluoride
membrane for N-terminal sequencing (ARIAD Pharmécals, Cambridge, MA). The
sequence analysis of the protein band showed reulNptermini including one major
sequence. Additional runs using the reagent o-pldigihyde at the fourth cycle blocked all
N-termini except the major sequence and yieldedriho acids.

RNA interference by soaking
For knocking-down expression d@r-eng3 and Gr-eng4 by soaking in gene specific
dsRNA, two primers were used T7TENG3-F and T7TENG3-&ble 1) to generate a dsRNA
fragment that targeted the region from nucleoti®@ 40 803. This region is identical
betweenGr-eng3 andGr-engd. The T7 promoter sequence was included in the sequan
both primers (underlined). RNA was transcrikiedvitro using T7 RNA polymerase to
prepare dsRNA at 2 mg per milliliter for soakingtibé nematodes (Ambion, Austin, USA).
A typical soaking reaction included 10,000 nemasodte a dsRNA solution (2 mg/ml
dsRNA, 3mMSpermidine, 0.05% gelatin) for 40 hou&ontrol nematodes were soaked in
solutions without dsRNA or with dsRNA from not redd genes irG. rostochiensis. From
each reaction 8,000 J2s were used for RT-PCR, \2t0i@0 J2s were used for the nematode
infection assay. The viability of the nematodes wascked by examination under a
microscope after soaking in dsRNA and after siaiion for nematode infection assay.
The soaking experiment with dsRNA was repeated tiimees.

For semi-quantitative RT-PCR, total RNA was extdcfrom nematodes using
TRIzol reagent and transcribed into cDNA using Ss@épt Il reverse transcriptase
(Invitrogen). RT-PCR reaction was performed as deedrby Chen et al. (Chen et al.
2005) using the primers RT-engF and RT-EngR (Tablelesigned outside the region
targeted by the dsRNA. Aliquots of reaction wermmoged after 26 cycles and visualized
on 1% agarose gel stained with ethidium bromident8aok et al. 1989).

For the nematode infection assay, internodal qydtiwere taken fronsolanum
tuberosum LineV, grown in sterile culture in 12 énplates containing MS20 media. For
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each treatment four plates with 4-internodal cgtion each plate were inoculated with 175
nematodes. The nematodes were surface sterilized friinoculation (Goverse et al.
1999). Nematode penetration was monitored usingnacblar microscope. Roots were
taken from the plates at 24 hour intervals for dothsin staining (Bird 1983). The number
of nematodes (partially) inside the roots were wated relative to the number of
nematodes inoculated. The statistical analysihefdata was done using the Studetit’'s
Test for two samples assuming equal variances.

Phylogenetic analysis

The non-redundant protein database at NCBI was epligvith the Gr-ENG3/4 sequence
using the BLASTP algorithm. All matching cellulasegeences from cyst nematode
species were subsequently trimmed in order to decline GHF5 domain in the analysis
(i.e. Gr-ENG1, Genbank identification number (gi$22931; Gr-ENG2, gi:2654525; Hg-
ENG1, gi: 2257849; Hg-ENG2, gi: 2257951; Hg-ENGS3; 8b13544; Hg-ENG4,gi:
15822650; Hg-ENG5, gi: 33151119; Hg-ENG6, gi: 30BB3Hs-ENG1, gi: 10800865;
Hs-ENG2, gi: 10800867; Gts-ENG1, gi: 5923869; GtaENgi:5923871). One matching
cellulase (Mi-ENGL1, gi: 563966) frorvleloidogyne incognita was used as out-group. A
multiple sequence alignment with 15 protein seqasneas made in ClustalW version 1.83
at the European Bioinformatics Institute online senysing the GONNET250 substitution
matrix. The alignment was manually optimized andsgagre removed. In total, 328
informative positions were used for phylogenetideiance using Bayesian analysis
(MrBayes version 3.1.2; (Ronquist and Huelsenii2@3)). The analysis was run with a
mixed model of amino acid evolution to allow moglehping for fixed-rate models for 4
runs with 4 chains each for 1,000,000 generatidhs. first 25,000 generations of the run
were discarded as burn-in. In the resulting rogibglogeny the nodes with a posterior
probability lower than 0.95 are considered to beesalved.
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Results

Preparative SDS-PAGE was used to isolate a prétaation ranging from 30 to 35 kDa
from homogenates of 5 million preparasitic J2§&0ofostochiensis. A 32 kDa protein band
was purified from this fraction using monoclonatibady MGR48. The purified protein
was rerun on an analytical SDS-PAGE for westerntiblpt Five micrograms of blotted
protein was subsequently used for N-terminal anaicid sequencing, which resulted in one
major sequence of 26 amino acids with two unceitsnbecause of a weak signal at
positions Q, and D (Fig. 1).

Database searches with the TBASTN algorithm udiegN-terminal sequence of
the purified 32 kDa antigen of MGR48 yielded oneanhe perfect matching nucleotide
stretch in one expressed sequence tag (libraryed®B1895) fronG. rostochiensis. All
residues that had been resolved reliably in therwinus of the antigen of MGR48 were
identical to the protein sequence predicted by GE18%e two residues that were still
uncertain in the N-terminal sequence also did natchn the predicted sequence in the
expressed sequence tag. Further sequencing ofldhe from which the tag originated,
revealed that a cDNA insert of 1196 bp was preswitiding a region encoding an open
reading frame of 337 amino acids. The first 24 ananids at the N-terminus of the open
reading frame were predicted to be part of a sigegtide for secretion using the Signal-P
3.0 software. The sequence of the N-terminus oftiréfied 32 kDa protein starts exactly
where Signal-P software predicts the cleavageositee signal peptide for secretion in the
protein encoded by clone ge1895.

N-terminus

N-term. Gr-ENG3/4
N-term. Gr-ENG1
N-term. Gr-ENG2
ldentical/similar LR kkkk ko ok

Figure 1. An alignment of the N-terminal amino acid sequena¥sthe 32 kDa protein
immunopurified from nematode homogenates using M&Rterminus), from the predicted open
reading frame irGr-eng3/4 (N-term. Gr-ENG3/4), and from Gr-ENG1 (N-term. GR&1) and Gr-
ENG2 (N-term. Gr-ENGZ2). The alignment was generate@lustalW1.8 using the GONNET matrix
to discover identical (*) and similar (.) amino @i
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While sequencing constructs for the recombinantesgion of the open reading frame in
clone gel1985, we found two highly similar cDNA nalées differing in sequence at eight
nucleotide positions. The predicted proteins ob¢gheDNA molecules both have identical
matches with the N-terminus of the purified MGR48igen. The expression clones were
constructed by PCR and the polymorphisms detectettteé two cDNAs could therefore
reflect errors randomly introduced by DNA polymerasin order to test this, we amplified
and sequenced the corresponding coding sequences fenomic DNA of G.
rostochiensis. All eight nucleotide differences were also fouird the corresponding
genomic fragments, making it very unlikely thatytteze all artifacts caused by PCR errors.
Consequently, the epitope of MGR48 is present io twarly identical proteins, hereafter
named Gr-ENG3 and Gr-ENG4. The theoretical molecolasses of Gr-ENG3 and Gr-
ENG4 are 35,388 Da and 35,378 Da respectively wigdlipted isoelectric points of 8.67
and 8.80. Six introns in conserved positions iperse the coding sequences of the
genomic sequences 6fF-eng3 andGr-eng4 (Supplemental Fig. 1). The intron at position |
differs in size by 83 nucleotides between the twaeas (354 and 271 nucleotides -
eng-3 andGr-eng-4 respectively). The other introns (at positionslil, IV, VI, and VIII) in
Gr-eng3 and Gr-eng4 differ only at a small number of nucleotide posisoand are of
similar sizes. The nucleotide substitutions at jmsét 64, 65, 172, 275, and 949 of the
coding sequence cause substitution of four amisd&,1—L 21, Dse—Y 56, No1— Ko, and
Ta16—>As16 Supplemental Fig. 1). The three other polymonpisisio not lead to differences
in the amino acid composition of the encoded pnstelt is noted thaGr-eng3 and Gr-
eng4 have one uniquely used intron position (positioh dnd five intron positions
(positions 1, 1ll, 1V, VI, and VIII) in common witlGr-engl andGr-eng2, with which they
share 42% identity and 62% similarity across thdirgg region.

An antisense digoxigen-11-dUTP labeled cDNA probs e@nstructed foin situ
hybridization microscopy to localize the expressidiir-eng3 andGr-eng4 in nematodes.
The high similarity betweerGr-eng3 and Gr-eng4 did not allow us to design probes
specific for each individual gene. The antisenseb@repecifically hybridized in both
subventral esophageal gland cells in preparasitierjiles ofG. rostochiensis (Fig. 2a). The
sense probe did not hybridize to structures innttmatode (Fig. 2b). Therefore expression
of Gr-eng3 andGr-eng4 is restricted to the subventral esophageal glatig.c

Further analysis of the protein sequence usingPhieaM HMM search program
showed that Gr-ENG3 and Gr-ENG4 comprise a singlaain protein (amino acids 37-
297) which is recognized as a glycosyl hydrolaseil§a5 cellulase (GHF 5P-value 10%)).

In this domain two conserved regions, IYENENP and FVE,s3YGI, including two
active site glutamic acid residues were identifre@r-ENG3 and Gr-ENG4 ((underlined in
Supplemental Fig. 1; Jenkins et al. 1995). To tesether the Gr-ENG3 and Gr-ENG4
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proteins have cellulase activity, we subcloned pinedicted open reading frames into
pPET101 for recombinant expression in bacterial c&isll lysates of transformef. coli
containingGr-eng3 andGr-eng4 constructs showed significant hydrolytic activillya cup
plate assay with 0.2% carboxymethylcellulose (FBb.and c). The lysates d&. coli
transformants that were not induced to expresgithiein (data not shown) or that harbored
the empty plasmid vector did not show such actififig. 3a). Based on these results we
conclude that Gr-ENG3 and Gr-ENG4 encode functioalillases.

Figure 2. In situ hybridization microscopy dbr-eng3/4 transcripts using DIG-labeled sense and anti-
sense probes amplified fro@r-eng-3/4 cDNA in sections of second stage pre-parasitieniles of

G. rostochiensis. The anti-sense probe specifically hybridizedhia posterior tip of the subventral
esophageal gland lobe (svg#))( No hybridization could be observed with the esponding sense
probe B). In both pictures A and B the dorsal gland (ahggtacorpus (m) and stylet (st) are indicated
with arrows.

e o)

Figure 3. A cup plate enzyme activity assay showing the blytic activity on
carboxymethylcellulose of Gr-ENG3 (B) and Gr-ENG2) fecombinantly expressed i coli. The
hydrolytic activity in the substrate is visualizad a halo by a Congo Red stain. No halo could be
detected while applying lysates®fcoli harboring the empty plasmid (A).
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The monoclonal antibody MGR48 recognizes at leaat faroteins encoding cellulase
activity of which Gr-ENG3 and Gr-ENG4 were shownbi® the most abundant in stylet
secretions (Smant et al. 1997). Chen et al. (Cheaal. £005) found that using RNAI to
knock-down expression dbr-engl and Gr-eng2 reduced infectivity of the nematodes by
approximately 50%. To investigate the relative inbgoce ofGr-eng3/4 for nematode
infectivity we knocked-down these genes in prepticagiveniles by soaking in specific
dsRNA (Fig. 4). Again, the high similarity betwe@&n-eng3 andGr-eng4 did not allow us
to target each gene separately. The nematodes wadtedsin dsRNA specifically designed
on Gr-eng3/4, and off-target effects were not detectable withFRCR (Fig. 4).

Gr-eng3/4 Gr-eng1l Gr-eng2 | Gr-A41
C s C s‘ C S c S
A B C D

Figure 4. Semi-quantitative RT-PCR showing the expressibisieeng3/4 (A), Gr-engl B), Gr-
eng2 C), andGr-A41 (D) in preparasitic J2-s db. rostochiensis following a control treatmentQ)

and treatment wittGr-eng3/4 specific dsRNA §. The samples shown here were taken from the
reaction mix after 26 cycles of PCR.

After soaking, the juveniles were transferredneitro cultured tomato roots, and
penetration and intracellular migration was closelgnitored for 7 days (experiment was
repeated three times). The number of nematodesiglpgrtinside the roots calculated
relative to the number of nematodes transferrethéoroots was 10.38% (SD + 6.01) for
silenced nematodes, whereas 23.57% (SD * 5.79hefnematodes from the control
treatment penetrated the roots (Fig. 5A and D). flther studied the effect of such a
significant reduction of infectivity (56.6%P-value in Student'st-test of 0.0195) on
penetration behavior of the nematodes. Followingnsing of Gr-eng3/4 we observed a
high proportion (> 75%) of the penetrating nemasoplartially inside the root (Fig. 5A and
B). In control nematodes partial penetration ofib@&s by nematodes was rare (< 1%). We
also observed many small brown spots consisting mfimber of epidermis cells on roots
inoculated withGr-eng3/4 dsRNA-treated nematodes. These spots seem tofiamisecells
in the root epidermis damaged by nematodes attagpdi penetrate the root at a specific
site. These nematodes fail to enter the root abdexjuently move on to another site on the
root (Fig. 5B and C). These spots are rarely oleskim roots inoculated with nematodes
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exposed to the control treatments. None of theseifsp observations were seen following
the knock-down of nematode genes with functions radating to plant cell wall
modification (Gr-GAPDH and Gr-A41; data not shown).

Figure 5. Infections of in vitro cultured potato roots wi@ rostochiensis J2-s followingGr-eng3/4
dsRNA treatmentA, B, andC) and control treatmenD{ at 2 days post inoculation. The roots are
stained with acid fuchsin to visualize the nemasodie red. Nematodes that achieved partial
penetration are indicated with arrows. Brownishtspd damaged epidermis cells are indicated with
an asterisk (*).

Ledger and coworkers (Ledger et al. 2006) proposeevatutionary scheme for
GHF5 cellulases in plant-parasitic nematodes, whiggests that the variants of nematode
cellulases found to date arose through sequensal éf the ancillary C-terminal cellulose
binding domain and linker domain. To test this ‘satfial loss’-hypothesis we used all
presently known cellulases from cyst nematodester ithe evolutionary history of the
GHF5 domain with a Bayesian analysis (Fig. 6). He tesulting tree the length of the
horizontal branches reflects the accumulated clsaimgne GHF5 domain in cyst nematode
cellulases since the last common ancestor genesnfities). Our analysis indicated that
there are at least two distinct evolutionary liresagf cellulases in cyst nematodes (clades |
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and II) originating from two distinct ancestor GHE&nes Cell andCelll). The sequence
of descent oCell andCelll from the ‘Ur’-cellulase Cel*) cannot be reliably resolved with
the information captured in currently available senges. For each cellulase, we indicated
in the tree the protein domain structure out oé¢hpossible variants found in nematodes so
far, i) a GHF5 domain with a glycine/serine richkier sequence and a type Il cellulose
binding domain (GHF5+L-SG+CBDII in Gr-ENG1), ii) aHEF5 domain with a so-called
highly charged AKP motif (GHF5+AKP in Gr-ENG?2) similto linker histones H1 and H5
(Genbank accession AF107026 and PFAM accessiond3B0(Kasinsky et al. 2001)), and
iii) a GHF5 domain alone (GHF5 in Gr-ENG3/4).

The sequential loss-hypothesis is more likely to thee when GHF5+L-
SG+CBDIl, GHF5+L-SG, and/or GHF5-variants appearirsingle monophyletic clade
with, ideally, the GHF5+L-SG+CBDII variant being stdbasal and the GHF5 variant as
the most recent speciation. Cellulases in cladeniluding Gr-ENG3, Gr-ENG4, Hg-
ENG5, and Hg-ENG6, do not have ancillary domains thedefore cannot be used to test
the hypothesis. Clade | comprises a polytomy ofehgroups of cyst nematode cellulases
(subclades, b, andc) for which it is not possible to determine the \smace of descent
from Cell. But, within each of the subcladasbh, andc the inference of the sequence of
descent is robust (posterior probabilities of Od¥5higher) and can be used to test the
hypothesis.

Figure 6. A rooted tree based on a Bayesian inference ofogbpy of fourteen GHF5 cellulases
from four cyst nematodes species with significamilarity to Gr-ENG3 and Gr-ENG4. The numbers
at the nodes indicate the posterior probabilitiesalculated in MrBayes. The root-knot nematode
GHF5 cellulase Mi-ENG1 was included in the analysisoot the resulting tree. The protein domain
structure out of three possible variants is inctufter each of the taxa (GHF5, glycosyl hydrolase
family 5; L-SG, linker region rich in serine and/gine residues; AKP, short highly charged stretch
with similarity to linker histone 1 and 5-like AKRotifs; CBDII, bacterial type 2 cellulose binding
domain). The nematode cellulases are indicated thiir protein names (Hs$leterodera schachtii;

Hg, Heterodera glycines; Gr, Globodera rostochiensis; Gts, Globodera tabacum susp. solanacearum;

Mi, Meloidogyne incognita), and their Genbank identification numbers. Robmmshophyletic clades

(I and II) and inferred ancestor genes coding fé4FG cellulase Cel) are indicated along the
branches and the nodes. The arrow points at thesalved polytomy of three subclades (a, b, and c)
within lineage I.
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The inferred phylogeny here indicates that nonéhe$é three subclades includes
all three extant domain structure variants, i.e. @HF5+L-SG+CBDII and its two possible
C-terminal truncations. The GHF5+AKP variant clustéogether with the GHF5+L-
SG+CBDII variant within subclada, while it also is in monophyly with the GHF5 varta
in subcladeb. The GHF5+LSG+CBDII variant is not found in the sasubclade as the
GHF5-variant, while it is in monophyly with the GBFAKP variant in subclade. The
proposed evolutionary scheme that lead to the &eiipl loss’-hypothesis assumes that the
L-SG linker and the AKP-motifs are homologous. Hoermwvthey are not significantly
similar in sequence, and thus there is no justificeto consider them as homologous traits.
It should be further noted that the GHF5+L-SG wvatrtzas not been found in nematodes so
far. Consequently, there is no support for the setial loss-hypothesis in currently
available data on cyst nematode cellulases.

64



Chapter 3

Discussion

At the onset of parasitism infective nematodes pateethe host plant to migrate towards
the vascular cylinder to establish a permanentiffigesite. Plant penetration results from
the mechanical impact of stylet thrusts and chemiesakening of the cell wall by
nematode proteins secreted through the stylet. Tlomoatonal antibody MGR048
recognizes at least three proteins in stylet sea®tof the potato cyst nematodg
rostochiensis of which two were found to be cellulases in a pyas study. In this paper,
we report on the identification and functional as& of two novel cellulase genes
encoding the most abundant antigens recognized ®IROA8 in the stylet secretions Gf
rostochiensis. Remarkably, the overall identity between the fpuoteins that evidently
have the epitope of MGR048 in common is only 42%.

The cellulases encoded @Br-engl, Gr-eng2, Gr-eng3, andGr-eng4, as well as
cellulases of other cyst nematodes, show signifisamilarity to the GHF5 cellulases from
the symbiotic parabasalian protistSpriotrichonympha leidy (Genbank accession
BAD90558 with BLASTP E-value 4*&). In lower termites two separate cellulolytic
systems exist, one of endogenous termite origin @mel from these eukaryotic protists
living in the hindgut (e.gS. leidy, Holomastigotoides mirabile; (Inoue et al. 2005)). The
cellulases from the symbiotic protists belong teedse GH families, including GHF5. The
endogenous termite cellulases found to date adasibified as members of GHF9.

The four cellulase genes fro@ rostochiensis (Gr-engl, Gr-eng2, Gr-eng3, and
Gr-eng4) are specifically expressed in the subventral leagpal glands of the nematodes.
Several studies dating back to the 1980-s repameithe presence of intracellular ricketsia-
like bacteria in these esophageal gland cells (Wetsal. 1983), which suggests that they
could contribute to the cellulolytic system of thematodes in manner analogous to the
situation in termites. However, the cellulase gemescribed here, and all others described
from nematodes to date, show features typical &hswtic genes (e.g. poly-A tails and
introns). To date there is no evidence that inttaleel eukaryotic microbes inhabit the
esophageal glands of cyst nematodes and we theredoclude that these cellulases are of
nematode origin.

Cyst nematodes are far more damaging to hosessgduring migration than root-
knot nematodes, suggesting that the celluloytidesysin cyst nematodes may be less
advanced rendering the nematode more dependentysical impact of stylet thrusts
(Hansen et al. 1996). However, as the cellulolgyistem in cyst nematodes unfolds further
with each new finding, it appears to be elabomat®living proteins with variety of domain
configurations. The configurations known to date pase a glycosyl hydrolase catalytic
domain, a linker rich in serine and glycine, an AK®tif, a bacterial type Il cellulose
binding domain, and an expansin domain. The glycloggtolase domains exhibit cellulase
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activity on a variety of substrates, including cllse and hemicellulose polymers (Gao et
al. 2004). The L-SG linkers appear between GHF5@RBBII, whereas the AKP motif is
present at the C-terminus of GHF5 domains. The AKRifimrwhose role remains to be
determined experimentally, consists of betweenr&b48 amino acids and is found in Gr-
ENG2, Gts-ENG2, Hs-ENG2, and Hg-ENG4, and showsngtreimilarity with linker
histones H1 and H5 (e.g. Genbank accession AF107086 highly charged AKP helix in
linker histones is involved in protein-protein arpitotein-DNA interactions within
aggregated nucleosomes (Kasinsky et al. 20019.therefore possible that the AKP-motif
in cyst nematode cellulase is an evolutionary rerhtteat once linked the GHF5 domain to
a type Il cellulose binding domain. We believe ttias C-terminal peptide sequence may
serve to aggregate other nematode enzymes andhgrotto a cellulolytic complex.

Bayesian inference of the phylogeny of cyst-nehatoellulases combined with
the projection of domain structure onto the treeeaded a lack of correlation between the
evolutionary history of the GHF5 domain and a setjaéloss of the C-terminal CBDII
domain and the L-SG linker. Support for the seqaktiss-hypothesis would have been
provided if the GHF5+L-SG+CBDIl variants and theotwossible truncates cluster
together in a monophyletic clade. However, the tbécal intermediate GHF5+L-SG has
not been found in plant-parasitic nematodes to.dake extant cellulase variant that
resembles GHF5+L-SG the most includes a GHF5 a@dterminal AKP-motif (e.g. Gr-
ENG2). The linker L-SG and the highly charged C-taahiAKP-motif are not similar in
sequence indicating that both domains are not hogools traits. Therefore, the
GHF5+AKP variant is not a likely evolutionary inteediate between the GHF5+L-
SG+CBD and the GHF5 variants as was suggested bgekext al. (Ledger et al. 2006).
There is also no support for the proposal that ttiané nematode cellulases with only a
GHF5 domain originate, as an evolutionary innovgtifrom an extinct ancestor gene
coding for a GHF5 domain and ancillary C-terminiakér (GHF5+L-SG). Nor did we find
evidence that this ancestor gene derives from aremincellulase that combined a GHF5
domain, a linker and a CBDII (domain). In contragg believe that the extant nematode
cellulases arose through reshuffling of relativielgependent evolutionary units. The fact
that highly similar cellulose binding domains ocduar proteins with entirely different
sequences and activities further supports this iMedg the CBDII in Gr-ENG1 and in the
B-expansin Gr-EXP1 have 52% identity and 69% sintjlari

To study the relative importance @fr-eng3 and Gr-eng4 in the intracellular
migration ofG. rostochiensis, we monitored plant penetration and intracelluléggration of
infective juveniles in which the genes were knoekedn by RNA interference. Rosso et
al. (Rosso et al. 2005) reported fok. incognita that RNA interference by soaking in
dsRNA is transitory, and may last not longer thafew days. Recent studies, however,
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suggest that the effects may last considerablydomg cyst nematodes (Bakhetia et al.
2007). For both cyst and root-knot nematodes sgaikira highly concentrated solution of
dsRNA is clearly a valuable method for studying egeimvolved at the initial stages of
parasitism in plants, and we have demonstratedatiisn in this study. Knocking-down
expression o6r-eng3 andGr-eng4 in pre-parasitic nematodes reduced the penetredien
of plants by the nematodes by more than 50 perGimn et al. (Chen et al. 2005) observed
some down regulation dbr-eng3/4 when they targete®r-engl with RNAI, suggesting
that in their experiment reduced levels Gf-eng3/4 could have affected nematode
infectivity. We have seen no such off-target silegoeffect on the expression Gir-engl
andGr-eng2 in our experiments and therefore the reduced patiet observed here can be
solely attributed to removal @r-eng3 andGr-eng4. Previous studies have shown tteat
engl andGr-eng2 (and their close homologs . glycines and G. tabacum) are secreted
during the intracellular migration of the nematodeside host plants. Our observations of
the spots of damaged epidermis cells on host ptasts and the inability to achieve full
penetration of dsRNA-treated nematode suggest peaietration of plants by cyst
nematodes as well as migration within the rootsiireg activity of cellulases.
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SPRYSEC gene family

Abstract

Esophageal gland secretions injected into host eedihelieved to be important for plant
parasitism of nematodes. We have identified a Idagmily of secretory proteins in
Globodera rostochiensis consisting only of a B30.2/SPRY domain. The gereing for
this family, named the SPRYSECSs, are specificallgressed in the esophageal gland cell
of parasitic nematodes. The SPRYSECs are part oftifiet secretions of the nematode
suggesting that they may have a role as effectoplamt-parasitism. The secondary
structure of the SPRYSECSs consists of highly coreseregions folding into beta-strands
interspersed with stretches varying in sequence iantkngth. Mapping the sequence
diversity among the SPRYSECs onto a three-dimeasistnucture model of the proteins
indicates that most of the variation is in the egd loops that shape the so-called surface
A in SPRY-domains. Furthermore, our analysis of thgo of non-synonymous and
synonymous substitutions shows that the majoritgroino acids sites that are subjected to
diversifying selection are in this same surfaceanggenic plants overexpressing one of the
SPRYSECs are three to five times more susceptibfeetoatodes. A further challenge of
these plants with the fung¥erticillium dahliae and thetomato spotted wilt virus (TSWV)
showed a strong increase in susceptibility to theegbogens as well. Our data indicate that
this SPRYSEC likely interferes with a host proteiujch is essential for basal immunity to
V. dahliae, TSWV, andG. rostochiensis.
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Introduction

In the immune system of animals adaptive and inmataunity operate in concert to
provide adequate protection against invading marganisms. During development of the
adaptive immunity the system learns to recogniffeastigens so that it can differentiate in
its response between invaders and self-tissueontrast to animals, plants only have an
innate immune system, which constitutes a multétay defense system (Jones and Dangl
2006). The activation of the plant’'s innate immunityolves consecutive steps of disease
recognition by the plant and suppression of dissagealing by the pathogen. In the first
line of defense, so-called pathogen associatedaulalepatterns (PAMPSs) are detected by
the extracellular pattern recognition receptors.MPAtriggered immunity (PTI) thus
follows on extensive changes in transcription ohdneds of genes leading to cell-wall
based defense responses, production of reactivgeoxgpecies, and many other basal
defense responses (Nurnberger et al. 2004).

There is an obvious strong selection pressure onpé#tieogens to jettison the
PAMPs, but because of the high fithess costs irain such innovations, pathogens have
evolved an alternative strategy in which they U$ector molecules to interfere with PAMP
signaling in host cells. Recently it was shown #wteral bacterial effectors suppress basal
innate immunity to promote virulence of the pathogBe Torres et al. 2006; Hauck et al.
2003; He et al. 2006; Kim et al. 2005; Metz e28i05; Oh and Collmer 2005).

A second branch in the innate immunity of plantmpdses highly variable NB-
LRR proteins that recognize either pathogen effentotecules directly, or the changes
induced to self-tissue by these effectors. This;aled effector-triggered immunity (ETI),
often leads to a local hypersensitive response-typogrammed cell death which blocks
further pathogen ingress. Pathogens may evolve effectors capable of suppressing ETI,
and plants may on their turn recruit other NB-LRRtpins to guard other components in
the ETI signaling pathways.

Parasitism of the obligate biotrophic cyst nerdato (e.g.Globodera spp. and
Heterodera spp.) essentially progresses through two stagessgy and Grundler 1998). In
the first stage, infective juveniles hatch from £gythe soil to invade the roots of a nearby
host plant. The infective juveniles preferentialgnptrate the root close to the root apex.
After breaching the epidermal cell layer they desively migrate in the cortex. Shortly
after penetration the juveniles settle down andlg@art probing host cells with their oral
stylet, which marks the beginning of the secondsph®ne of the probed host cells will
respond to secretions injected into the host cglbplasm through the stylet of the
nematode. In the hours that follow the responsivg leell transforms into a transfer cell,
on which the nematode fully depends for its dewalept. The feeding site of the cyst
nematode ultimately expands into a large congloteech hundreds of cells by highly
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directed local cell wall degradation and subsequewotoplast fusion, hence its name
syncytium.

Nematode secretions are believed to be importatmgithe host invasion and the
feeding stages of plant parasitism (Davis et a020Despite significant progress in the
identification of genes coding for stylet secretidn nematodes during feeding, little is
known about the molecular targets of these effecfor100) in host cells and the effect
individual effectors have on the constitution oé ttecipient host cells. In this paper, we
report the identification of a large gene familyasbk members code for small secretory
proteins including only a B30.2/SPRY domain. We edrthis gene family the SPRYSECs
and found that overexpression of one of its memiveh®st plants promotes virulence of a
nematode, a fungus, and a virus. These three patkolgave evolved entirely different
styles in their parasitism, which is why we hypdaize that the SPRYSECs may intervene
in a generic defense mechanism such as the PAM&eted immunity signaling in plants.
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Materialsand M ethods
Nematodes

Dried cysts ofG. rostochiensis pathotype Rol Mierenbos were soaked on aifGieve in
potato root diffusate (PRD) to collect hatched prapitic second-stage juveniles (J2s; (De
Boer et al. 1992)). Freshly hatched J2s in suspensere mixed with an equal volume of
70% (w/v) sucrose in a centrifuge tube and covemith a layer of sterile tap water.
Following centrifugation for 5 minutes at 1,0@P juveniles were collected from the
sucrose-water interface using a Pasteur pipettenarsthed 3 times with sterile tap water.
Parasitic stages were isolated from roots of patattivar Bintje at 13, 19, 23, 27, and 34
days post inoculation to yield samples of secohuldt and fourth stage juveniles, adult
males and females respectively. To this purposetiederoots were cut into small pieces
with a blender, and nematodes were separated footdebris on sieves with a mesh of
250, 175, 100, 22, and 10n. The isolated the nematodes were either usedfmrienents
directly or stored at -80°C until further use.

cDNA-AFLP analysisand RT-PCR

Messenger RNA was extracted from five developmestages ofG. rostochiensis
pathotype Rol-Mierenbos, and cDNA-AFLP analysis wesformed essentially as
described previously (Qin et al. 2000). RNA wadated from five developmental stages:
(D=dormant) dehydrated, unhatched J2s in cystsdi@pause); (S=soaked) rehydrated,
unhatched J2 in 1-year old cysts after exposuteptavater for two days; (H=hatched) pre-
parasitic J2 (dry cysts were incubated in tap wite week and three days in potato root
difusate; (U= undifferentiated into J2) developimgmatodes (mostly J1) in gravid females
2 months post inoculation; (P= prediapause) dewsippematodes (J2) in gravid females
3 months post inoculation.

The primary cDNA templates synthesized from eacthefive mRNA pools were
digested using the restriction enzymes with Kasl @aqgl, Ncol and Ascl, or Kasl and
Tagl in separate reactions. For the specific aneplifon reactions, oligonucleotide primers
annealing to the Kasl and Tagql, Ncol and Ascl, oslkand Taql adapter sequences were
used in standard protocols (Table 1). Differentigkpressed transcript-derived-fragments
(TDFs) were excised from acrylamide gels. After mgplification using the original
primers, TDFs were cloned into TOPO-pCR4 (InvitrogBmeda, The Netherlands) and
transferred intce. coli TOP10 chemically competent cells (Invitrogen). Afparification,
inserts were sequenced using standard procedures.

Messenger RNA was extracted from five developmesitajes of>. rostochiensis
pathotype Ro1-Mierenbos as described above, andP®H- was performed using
Superscript 1l essentially according to the mantifeer’s protocols (Invitrogen, San
Diego, USA; (Kudla et al. 2007)). Total RNA isolateith TRIzol (Invitrogen) was treated
with Turbo DNA-free (Ambion, Austin, USA) to degmdontaminating genomic DNA.
Messenger RNA was subsequently isolated from tB#dA samples using Dynabead
mMRNA purification system (Invitrogen). First straddNA synthesis was done with a mix
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of random hexamer and oligo-dT primers in a reactioth 0.5mM dNTPs, 0.1 units
RNase-out, 10 units Superscript 11l for 60 min 8tG and 15 min at 70°C. Prior to the
PCR the samples were incubated with 2 units of RNhgor 20 min at 30°C. Fragment of
SPRYSECs were PCR amplified in 26 cycles with the@rs with specific primers (Table
1), whereas a forward and reverse primer designed@PK were used to amplify a 91 bp
fragment of the constitutively expressed cAMP dejgert protein kinaseGr-CDPK;
Genbank accession BM343563). Reactions withoutrseviranscriptase were included to
test for possible amplification of the target geffreen contaminating genomic DNA. A
sample made from non-infected roots was used tckcha non-specific amplification
from host plant tissues.

Table 1. The sequences of the oligonucleotide primers fmesemi-quantitative RT-PCR (including

the predicted amplicon size; see also Fig. 4),fanth situ hybridization microscopy.

SPRYSE Forward primer (5’-3’) Reverse primer (5’-3’) Ampbin
C# size (bp)
Semi-quantitative RT-PCR

1 AACAGAGATTGGAAGAAGTGAAG  AAGATTCCTTAACCTTGTGACC 77

3 TCTATCCCCAAAACTCGCC GCAAACTCTTCGGCGGGGGGC 132

4 AAGAATGGAGTGCTTTTAGAAAC CTGTCCGGGCTTTTCATGCG 92

5 AGAAACTGAAAAACTTGAAAC CTACTCGGTTTTCAGTTTCTC 67

8 GCACTGTGTTCGCTAAAGAG TGGAAACATAACCTGATTCTGAAG 129

10 GGCAACAAAATTGAAGCGAAC TCTAAACCCTCTACAGCAAGC 91

12 TGTTACATCGGTGGAAAGC CAAATAAATTGGCGGTGTCC 124

14 AGCCTCGGTTTGGTGTCC CGGCATTCATATCCAGAGTTTC 150
15 AATTTGACCGTAACAACATCATC GACTCGGCGACTAACAGC 112

17 GAGCAGACGACGCCTTGG CTCTCTCTCCTTTGGTGTTTTG 95

18 CAAAAGACGGCATTTTCTACTAC GCGTAAGAGCCTTTGTCAC 124

19 TTGTACCCGTGCGTTTCG ACCTCCACAGCAAATTCCTAC 135
20 TGTATCAGTACCATTCTCATCCG ACCAGCACGCCTATTAGTTG 80

21 CGAAGGAACCTAGAAAGTG CCAAAGAAATATGTTAAAACCC 151

22 GTCACGAGGTCAAGGGATG TTACAATTTCTCCGTCCAGTGT 112
CDPK ATCAGCCCATTCAAATCTACG TTCTTCAGCAAGTCCTTCAAC 91

In situ hybridization microscopy

3 TCTATCCCCAAAACTCGCC GCAAACTCTTCGGCGGGGGGC
4 ATGAAAAGCCCGGACAGAAATG AAATAAAGGATCGTCTGTTCCTTCC
5 AGAAACTGAAAAACTTGAAAC CTACTCGGTTTTCAGTTTCTC

10 CAAGGCTTTATCTATGCGC TGAATTGGTAAAATGTTTG

12 CTCGCGTCTGCTGCTGTTGTC CATTTTTCGTGCAGTTTTTGG
15 CATATTCCGCACGTGACGAG TTTCTCGTCACGTGCAGCGG
17 GAGCAGACGACGCCTTGG CTCTCTCTCCTTTGGTGTTTTG
19 GACTGCGTACCAATTCACAT GATGAGTCCTGACCGACGAA
20 GACTGCGTACCAATTCTG GATGAGTCCTGACCGACG

21 CGAAGGAACCTAGAAAGTG CCAAAGAAATATGTTAAAACCC
22 TCGAGCAGTACAGGAAGTAGACC GGCGCCTATGAGCCCAGA
SPRY ACATCATCGGCTGCGGCGTCC CGTGCCAAAATTCGCTTCAAT
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Cloning, sequencing, and analysis of SPRY SECs

The DNA sequences of TDFs coded A18, A4l, E19, ARPQ, and KT12 (Genbank
accessions AJ251757, AJ251758, BE607310and AJ53682@ used to search the EST
database at the National Centre for Biotechnoladgrination to identify matching ESTs
(Table 2). The library clones from which the EST araged (De Boer et al. 1998; Smant et
al. 1998) were subsequently sequenced using then@i7tlee SP6 primer site of the
pPCDNAII library plasmid (Baseclear, Leiden, the NmtAnds). The sequences were
assembled into contigs and checked for likely catepbpen reading frames as well as the
presence of a polyA-tail. For contigs that werepga$ed to include partial reading frames,
primers were designed to amplify flanking regions and down stream with the rapid
amplification of cDNA ends (RACE; Invitrogen, Sane@p, USA). The contig assembly
was done in Contig Express of the VectorNTI softwzaekage (Invitrogen). The assembly
criterion was set at 99% identity in a minimal dapr 100 nucleotides. Initially, the
assembly yielded 22 contigs, however, after furtmanual inspection contigs 2 and 17
were combined into a single contig.

In situ hybridization

DNA probes were amplified from the SPRYSECs by usipegcific oligonucleotide primers
(Table 1) and digoxigen-11-dUTP. J2s were fixed ogdtin 2% paraformaldehyde, cut
into sections, and permeabilized as described (Der Bt al. 1998; Smant et al. 1998).
Fixed sections were then incubated a&GWith sense or anti-sense DNA-probes followed
by digestion with RNAse A and stringency washesbiitized DNA-probe was detected
using an anti-digoxigenin antibody and alkaline gimtase staining (Genius kid,
Boehringer Mannheim). Stained J2 were examined diftferential interference contrast
microscopy (Leica, Dfeerfield).

Antiserum and immunodetection
The domain coding for the B30.2/SPRY in SPRYSEC-1%f645) was PCR-amplified
as described above and cloned in pDEST-17 with Gateloning technology (Invitrogen,
Carlsbad, CA, USA) to produce 6xHis tagged-proteiBL21-S1 (Invitrogen) cells when
induced with 0.3M NaCl at 37C for 16-hours. Recombinant SPRYSEC was purified on
Ni-NTA spin columns following the manufacturer’s ingtions (QIAGEN). Hens were
immunized with purified protein and the chicken iommoglobulin IgY was isolated and
purified as described by (Kudla et al. 2005). Imlesrto raise specific antibodies to
SPRYSEC-family members, two antigenic peptides (IGENRSVRAKLPC [in
SPRYSEC-9, -15, and -18] and HWGNERPYIDGQPKFD [ ihakre used to immunize
rabbits (Eurogentec).

Western blots of homogenates of pre-parasitic J&® werformed as described by
(De Boer et al. 1996). Proteins were separated?2dsPd denaturing polyacrylamide gels by
SDS-PAGE and transferred subsequently omr@.2itrocellulose membrane (Schleicher
and Schuell) by semi-dry blotter with dry blot kerff(48mM Tris, 150mM Glycine, 10%
methanol, pH 8.3). The blots were probed with déférmprimary antibodies, including anti-
GST (Amersham), anti-thioredoxin (Invitrogen), anati&5PRYSEC, followed by their
detection with alkaline-phosphatase-conjugated itadtiti-goat, rabbit-anti-chicken IgY,
and rat-anti-mouse (Jackson) respectively. The blarse developed in substrate buffer
supplemented with nitroblue-tetrazolium and 5-brefachloro-3-indolylphosphate
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(Sambrook et al. 1989). Dot blots of collectedettyecretions were made as was described
previously (Smant et al. 1997). The dot blots wenbes with anti-SPRYSEC serum, anti-
cellulase monoclonal antibody MGR048 (Smant e1888), and a monoclonal antibody to
nematode muscle protein MGROO7 (De Boer et al. 1996

PAML

Six sequences were tested for positive selectimtyding SPRYSEC-4, -9, -15, -16, -18,
and -19. The rati® was estimated with the CODEML program of PAML (phwagtic
analysis by maximum likelihood) (Yang 1997; YanglaBielawski 2000). Two models of
fitting codon substitution were used to calculakellhood ratio statistics (LR), twice the
log-likelihood between models is compared with tradue of ay 2 distribution with
branches-1 degrees of freedom. Model i digtributed variable selection pressure) has an
o for each site drawn fromfadistribution with parametegsandq. Model M8 @ plus® >

1) uses the M7 recipe for a fractipn of the sites and assigns anotheto the remaining
fraction. M7 and M8 are nested models, so theybmmgompared using a likelihood ratio
test (LRT) which is generally robust to the assumisttidution of® over sites. When M8
fits the data significantly better than M7 and theratio estimated under model M8 is
greater than 1, we assume evidence of positivecttmble To check whether it is
significantly greater than 1 the log-likelihood walin M8 is recalculated fixing to be 1
(model M8A from (Wong et al. 2004)) and comparedhi® change in likelihood with j8°
distribution with 1 degree of freedom. Likewise tees complicated models MO (uniform
selective pressure among sites) with M3 (varialdliective pressure among sites) were
calculated and the results were found to givedesservative estimates than M7/M8.

Next, positive selection was tested for by studyiwariation among sites
identifying amino acids under diversifying seleatioThis variation is tested with an
additional LR test between M7 and M8 (Yang and $el 2000) using the empirical
Bayes theorem as implemented in PAML to calculat plsterior probability that a
particular amino acid belongs to a particular cléssutral, negative or positive). A
particular site that belongs to the classl with a posterior probability > 95% is most
likely under positive selection. This approach nsakeossible to detect positive selection
and identify sites under positive selection eveth& average ratio over all sites is less
than 1. Meanwhile, for this type of study it is iontant to note three test characteristics.
First, detection of positive selection requiresnffigant differences between M7 and M8
and estimates of ratio that exceed 1. Second, uktiiit is possible to estimate the
proportion of sites that are under positive setegtiand this proportion is denoted P1.
Third, the application of these models requirespmltagical, or phylogenetic, assumption.
For each sequence group, PAML analyses were appl@dg the MO generated
phylogenetic tree. The amino acid sequence alignmeastexecuted by ClustalX (v1.83)
(Chenna et al. 2003) and pal2nal (v11; (Suyamal.eRGD6)) was used to relate the
sequences back to a nucleotide alignment. Pal2nalprogram that converts a multiple
sequence alignment of proteins and the correspgridMA (or mRNA) sequences into a
codon-based DNA (nucleotide) alignment. The resuéise directly used by PAML.
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3-D structure modeling

For the secondary structure prediction, we usedptbgrams GOR IV Jpred, HNN, and
PROF. Homology modeling was performed with Insighsoftware package (Accelrys,
Cambridge, UK). The Homology module was used foordmate transfer and loop
generation. Local simulated annealing and energyinmization during modelling steps
were performed via the Discovery Studio module w@kass Il Force Field (CFF).
Searching the InterPro databases indicated theemresof an SPRY domain within the
SPRYSECs sequences (2.9e-18 score with Pfam PF0@6821e-21 with SMART
SM00449). The structures of three SPRY domains rarBrotein Data Bank, including
SSB-2 fromMus musculus (PDB accession 2AFJ; (Masters et al. 2006)), GUSUA
from Drosophila melanogaster (PDB accession 2FNJ; (Woo et al. 2006)), and PRSP
from Homo sapiens (PDB accession 2FBE; (Grutter et al. 2006)). The &6 these proteins

is ap-sandwich core formed by two antiparalietheets connected by variable loops (Woo
et al, 2006). The level of identity of the best aittg SPRYSEC-19 with the templates was
~12.1%, while the similarity is ~37.1%. Becausetlodé low overall sequence similarity
remote homology modeling had to be used. The approas to transfer the coordinates
along the stretches that form tiesandwich core and to generate ab initio the loops
between the structures. GUSTAVUS shows the highest similarithviePRYSEC19 and
the lowest level of insertions or deletions alolng EPRY region and was therefore used as
a template. The variability at a given position wia§ined as the average of the Blosum62
substitution matrix values between every sequendeélse consensus.

> M(S;.C))
- i
S - sequence C - consensus sequenge,position

, where

In planta overexpression of SPRY SECs

The coding sequence of SPRYSec without signal pedid 57-745) was amplified as
described earlier using primers (A18ns-Ncol:
GGCGCQGCCATGGTGCCGCCAAAAACAA and Al18-Bglll: GTCGARGATCT
TTGATCGACGAAGAAAAAC) and cloned in pRAP33 using restion sites (Ncol and
Bglll) added as overhangs on primer sequences. Esiprecassette containing CaMV 35S
promoter, SPRYSEC-19 and Tnos was excised from pRABiB® Ascl and Pacl followed
by cloning in pBINPLUS (Van Engelen et al. 1995)idwed by transformation in
Agrobacterium tumefaciens strain LBA4404 (Shen and Forde 1989). Potato Line V
(Solanum tuberosum) was transformed by usingA. tumefaciens mediated plant
transformation (Horsch et al. 1986). The explantgewmaintained on MS20 media
supplemented with 100 mg/l kanamycin and 300mg/l cefatoxime (Duchefa). To
determine the expression of SPRYSEC-19 in stables@enic potato lines, RT-PCR was
done. Total RNA was isolated from transgenic lingsubing Trizol reagent (Invitrogen)
with subsequent cDNA synthesis using Superscripelerse transcriptase (Invitrogen)
following manufacturer’s protocol.
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Genesilencing by plant delivered dsRNA

Plants expression dsRNA hairpin constructs of SPIRY-39 and -15 were generated using
the GATEWAY cloning system (Invitrogen) with subseqti cloning into the vectors
pDONR207 and pK7GWIWG2 (Karimi et al. 2002). Genegiments were PCR amplified
from SPRYSEC Al8 using the primers (B1-
A18:5 GGGGACAAGTTTGTACAAAAAAGCAGGCTCATGCCGCCGCCAAAAACAAASS,
B2-A18:5"GGGGACCACTTTGTACAAGAAAGCTGGGTATGGGCCAAAGTTGCTTCAATSIY).
Each of the primers included the attB sites for Biffereaction in order to create an entry
clone in pDONR207 according to the manufacturerstqrol. The entry clones were
sequenced and subsequently used for a recombinegiction of the insert with LR
Clonase Il into the destination vector pK7GWIWG2onGtruction into pK7GWIWG2
aimed at a double insertion of the amplicon in regeorientation such that a dsRNA
molecule will arise following expression in the plaAll constructs were made B coli
TOP10. For plant transformation the destination mscivith the SPRYSEC amplicons
were introduced intoAgrobacterium tumefaciens LB4404, which was selected on
gentamycin, rifampicin, and spectinomycin mediurata®o Line V(Solanum tuberosum)
was subsequently transformed by ustagumefaciens (Horsch et al. 1986).

Pathogen infection assays

The pre-parasitic J2s @lobodera rostochiensis pathotype Rol Mierenbos were hatched
and isolated from dried cysts soaked in potato difitisate (De Boer et al. 1996), and
surface sterilized prior to inoculation (Goverseakt1999). For the nematode infection
assay, inter-nodal cuttings were taken fr8otanum tuberosum LineV, plants transformed
with empty vector, SPRYSEC-19, and SPRYSEC-15 ane \geown in sterile culture in
12 cnf plates containing MS20 media. For each treatmi®plates with 4-internodal
cuttings on each plate were inoculated with anayef 172 nematodes. The percentage
of well-developed females was determined after @ksegost inoculation based on number
of developed females relative to number of nematadeculated. The statistical analysis of
the data was done using the StudenTgst for two samples assuming un-equal variances.

I nfection assay with Verticillium dahliae and TSWV

For the infection assay with TSWV, inter-nodal a8 from the transgenic plants of
Solanum tuberosum LineV were grown in sterile pots containing MS20dimefor two
weeks. To acquire the virus inoculum, two fresh ésagfNicotiana benthamina, infected
with TSWV isolate BR-01, were ground with sterilontar and pestle in 3 ml of 1x PBS
buffer (de Avila et al. 1992). Leaves of 2-weeks iolditro grown plantlets were sprinkled
with carborundum powder followed by brushing thefate of leaves with a sponge soaked
in crude sap extracted from TSWYV infected leaves. Pplents were monitored for
symptoms for 3 weeks. For the fungal infectassayyV. dahliae strain 5368 was grown in
Petri-dishes containing 4% potato dextrose mediackiefa) at 2& for 2 weeks. The
spores were scrapped from agar plates with scapaldaransferred into 50 ml of sterile de-
ionized water, followed by centrifugation at 40@drr at room temperature. The pellet was
resuspended in de-ionized water to prepare spa@pession to a concentration of 1 X
10°%ml. The roots of three-weeks oia vitro grown plantlets of transgenic plants of
Solanum tuberosum LineV were soaked in spore suspension for threeutain and
transferred to pots in a green house. The sympteens scored at 20 day post inoculation.
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Results

Identification of the SPRY SEC gene family

A comparison of gene expression patterns in fivairit developmental stages Gf
rostochiensis using cDNA-AFLP with the enzyme combinationsEmoR| and Tagl, Kasl

and Tagl, and Ncol and Ascl resulted in the display of 16,500 TDFs of which 24ére
solely or predominantly expressed in potato roffugate-exposed J2s (H-stage) and water
re-hydrated J2s (S-stage). These TDFs, which wesagy and specifically up-regulated

in pre-parasitic juveniles exposed to potato raffushte (Fig. 1), were excised from the
gel, cloned and sequenced. Sequence databaseeseuiitih the sequences of these seven
TDFs revealed significant similarity to hum#&an Binding Proteins in the Microtubule
Organizing Centre (RanBPM or RanBP9; Genbank accessions EAW55354 and
AAI21177).

To resolve the full-length cDNAs from which the TDésginated, we first mined
approximately 10,000 ESTs generated from the sawea@mental nematode stages using
the TDF sequences as queries in the BLASTN algorithiotal of 30 matching ESTs were
found with varying degrees of similarity to the TBEquences. The cDNA library clones
from which the matching ESTs had been generated mesequenced from both ends to
resolve the full insert sequences. For some segsehat we still suspected to be partial,
gene specific primers were designed to extent duygiences further at the 5’- and/or 3'-
ends with RACE. The TDFs, the RACE fragments, arefthl library insert sequences
were assembled into contigs, thus resulting ine2ience contigs (Table 2).
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Figure 1. cDNA-AFLP expression profiles of A20, A29, NA16cda&19 from potato cyst nematode
used to identify seven members of the SPRYSEC damdy in successive stages of nematode
development. The arrow pointed bands were cut abarted and sequenced. On the basis of sequence
results, the primers E and T were extended with @anéwvo additional selective nucleotides. The
letters D, S, H, U and P refer to the differentalepmental stages. D: unhatched J2 in diapause, S:
unhatched J2 after diapause, rehydrated for 2 daywater, H: freshly hatched J2 in potato root
diffusate, U: developing nematodes (J1) in graeitidles two months post-inoculation, P: developing
nematodes (J2) in gravid females three monthsipostilation.
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Table 2. ESTs and corresponding library clones matchingy wie transcript derived fragments A18,
A41, E19, A29, A30, NA16, and KT12.

EST (Genbank Clone number Identical Assembled
accession number) to TDF SPRY SEC No.
BE607309 rr43h1l.yl 6
BE607310 cGE2075 4
BM343244 rr36b03.y2 9
BM343285 rr36f05.y2 12
BM343498 rr39c05.y1 E19 18
BM343589 rr40d08.y1 17
BM343590 rr40d09.y1 16
BM343869 rr43hll.yl 5
BM344069 rr46c12.y1 18
BM344163 rr47e07.y1 1
BM344199 rr48a04.y1 18
BM344321 rr49d12.y1 8
BM344614 rr57a05.y1 A4l 15
BM344784 rr59c02.y1 13
BM345554 rr65b10.y1 10
BM345592 rr65f06.y1 14
BM345742 rr07e04.y1 3
BM345924 rr09g10.y1 8
BM354257 rr14d06.y1 14
BM354706 rr15h02.y1 18
BM354784 rrl6h04.y1 11
BM355470 rr25d09.y1 17
BM355497 rr25g03.y1 NA16 7
BM355633 rr27f01.y1 5
BM355689 rr28c10.y1 18
BM355763 rr29c02.y1 13
BM356075 rr33c05.y1 5
BM356126 rr33h12.y1 1
GE1519 - 18
GE1156 - 6
AJ251757 - Al8 19
AJ251758 - A29 20
BE607310 - A30 21
AJ536829 - KT12 22

Sequence char acterization of the SPRY SEC gene family

Computational translations of 17 consensus seqeemsealed large open reading frames
ranging from 203 to 280 amino acids coding for @irg with molecular masses ranging
from 23.8 to 31.2 kiloDaltons (see Table 3 for amrgiew). Our analysis indicated that
four contigs (SPRYSEC-3, 7, 13, and 21) are stkelii representing partial cDNA
sequences. The open reading frames were run thrtnegBignalP-prediction software to
determine the destiny of the encoded protein inc#ilar protein-sorting pathway of the
nematode cells. For 13 consensus sequences theasofpredicted the presence of an N-
terminal signal peptide for secretion. To discriateén transmembrane from secreted
proteins, the encoded mature proteins were alssesed for transmembrane helices with
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the TMHMM algorithm. However, no transmembrane redigvere predicted for any of the
sequences starting with a signal-peptide for sieerefThus, thirteen contigs code for
proteins that are likely to be secreted by the riedsa

Table 3. Summary of the SPRYSEC gene family with featufethe coding

sequence
Name cDNA (in  ORF (in SP B30.2 SPRY
(SPRYSEG bp)* aaf

X)

X=1 1016 276 1-25 60-121 124-267
3 1920 - - - -
4 922 232 1-24 18-228 93-227
5 969 250 1-23 19-232 103-231
6 1051 280 1-23 61-267 138-266
7 543 - - - -
8 847 215 1-22 16-207 78-206
9 805 224 1-24 30-214 92-213
10 1014 256 1-25 35-243 98-242
11 880 - - - -
12 818 246 No 41-231 101-230
13 639 177 - - -
14 939 226 1-28 8-218 73-217
15 904 261 1-24 41-238 105-237
16 856 218 1-17 23-212 85-211
17 1090 275 - - -
18 804 224 1-24 - -
19 857 216 1-17 25-216 87-216
20 801 267 No 65-260 129-259
21 670 108 No - -
22 924 262 1-23 45-251 121-250

! transcript length in base pairs

2 size of largest open reading frame in amino acids

3 position of the signal peptide for secretiorp(ésent according to SignalP)

4 position of the B30.2 domain (if present accogdim INTERPRO Scan: IPR001870)
5 position of the SPRY domain (if present accordm¢NTERPRO Scan: IPR003877)

A comparison of the consensus sequences with athguences in the non-redundant
protein database resulted in significant matcheks iiman RAN binding protein 9 and 10
(E-values < %in BLASTP). The human RAN-binding proteins 9 andat® multi-domain

proteins of 729 and 620 amino acids respectivelgiuding an SPla/RYanodine receptor
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(SPRY) domain (smart00449), a Lissencephaly typ&elthomology motif (LisH motif;
smart00667) and a conserved stretched known asr@iia to LisH motif (CTLH;
smart00668). Human RAN-binding protein 9 include€derminal to CT11-RanBPM
domain, which is absent in the human RAN-bindingtgin 10 (CRA; smart00757). There
is only one matching putative RAN-binding protemrh C. elegans (Genbank accession
CAA21656) including 622 amino acids with the sanwendin structure as human RAN
binding protein 10, and which showed similarityo(fr 5 to 24 % identity in the SPRY
domain) with our contig consensus sequences. Thiipel RanBPM fronC. elegans is
the best match of nematode origin for the SPRYSHC#é database. The sequence
similarities between the predicted proteins from ¢tlontigs and the RAN binding proteins
are confined to the SPRY domain of approximatel® atino acids (Fig. 2). A further
search in the Interpro-database using the contigsammsus sequences indicated that the
SPRY domain is part of a larger structural domamead B30.2 (SPRY)-like consisting of
210 amino acids. We thus named the consensus smrguef the contigs SPRYSECS,
because of their high similarity with SPRY domaéamsl their predicted secretion.

100 200 300 400 500 600 700 740

1
Lottt ettt et et ettt el
€ ) C

Human RanBP9 -LisH ___CRA

SPRYSEC-s eaA A

Figure 2. A comparison of the domain structure of the SPRESfEne family members and two of
the best matching proteins in non-redundant databbea BLASTP search algorithm. The domains
are indicated as they are identified in the Interffatabase. B30.2 refers to IPR001870 accession tha
contains accession IPR003877, which is describedSRka/RYanodine receptor SPRY. LisH
(IPR0O13720) refers thhis homology that contains a Lissencephaly type-1-liaenblogy motif. The C-
terminal to LisH (CTLH) motif is a predicted alphalical sequence of unknown function that is
found adjacent to the LisH motif in a number oftpins. The predicted signal peptide for secretion i
the SPRYSEC family members is indicated with SPe Bpen triangles indicate the regions in the
SPRYSEC family with most sequence length variations
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Transcription of SPRY SEC gene family members localizes to the esophageal
glands

Secretions produced in the esophageal glands ofatoeles have been shown to be
important for parasitism on plants. An importaritezion in our strategy to identify genes
involved in nematode-plant interactions, therefisea specific expression in these glands.
To this purpose, antisense cDNA probes were designdatie consensus sequences of ten
SPRYSECs for in situ hybridization microscopy on pamasitic J2's. For eleven
SPRYSECs the similarity with other contigs was tighlto make specific probes. Probes
designed on nine SPRYSECs specifically hybridizethto dorsal esophageal gland cell.
The probe designed on SPRYSEC-4 hybridized to theesiital esophageal glands. The
hybridization patterns differ in intensity from aeak (Fig. 3 F, I, and L) to very strong
signal (Fig. 3A and G), and in subcellular locdii@a between (peri)nuclear (Fig. 3B, C, J,
and K) and whole cell (Fig. 3 D, E, G, H, |, and Me also designed a probe on a
conserved stretch present in most of the SPRYSE&Cdedt for the expression of
homologous transcripts in other tissues in the nedea However, no hybridization of this
conserved-sequence probe was observed in tisduastban in the dorsal esophageal gland
cell (Fig. 3M). Also, for each of the antisenselm@e we tested the corresponding sense
probes of which none resulted in a specific hyaaton of tissues in whole mount
nematode sections (e.g. Fig. 3N).

Figure 3. Whole mountin situ hybridization of the SPRY gene family members infective
preparasitic second stage juveniles®frostochiensis. The sequence divergence within the gene
family allowed for the synthesis of twelve discnmative cDNA probes (A to L) and one probe
designed on the most conserved part of the SPRYaito(iv). Three different hybridization patterns
were observed with the family member-specific pghacluding a specific hybridization in the
nucleus (A, B, J, and K) and a perinuclear hybatian in the lobe (D, E, F, G, H, I, and L) of the
dorsal esophageal gland, and a subventral esophglgad specific hybridization (C). The probe
designed on the conserved part of the SPRY domdimei SPRY gene family (M) resulted in a strong
dorsal esophageal gland lobe specific hybridizatidgbridization of this latter probe was not
observed in any other tissues in the nematode.l&8lymithe sense probes for each of the probes
above did not result in hybridization in nematodsues either (e.g. N).
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Figure 4. Semi-quantitative reverse transcriptase-PCR dkseix members of the SPRYSEC gene
family revealing five main expression patterndli(l]ll, IV, and V) throughout the parasitic cyct#

the nematodes. The expression of the gene famitybraes was assessed relative to the expression of
the constitutively expressed CDPK (cAMP dependaoitgin kinase).
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SPRY SECs are differentially expressed throughout the parasitic cycle of the
nematode

The contigs were assembled from transcripts expileissthe preparasitic second juvenile
stage ofG. rostochiensis; just prior to penetration of a host plant. Reearanscriptase
PCR was conducted to investigate the expressidheoforresponding genes in successive
parasitic stages isolated from root tissues of medeainfected host plants. Reactions with
uninfected root tissue and reactions without tlverse transcriptase enzyme were included
as controls. The CDPK (cAMP dependant protein léhagne fron. rostochiensis (Gr-
CDPK) was used as an indicator for a constitutive esgiom throughout the development
of the nematode (Fig. 4). The gene expression pattebserved repeatedly in this
experiment fall essentially into five distinct files. Two genes are expressed in the pre-
parasitic J2 stage only (I in Fig. 4). In the satprofile expression is high in pre-parasitic
and parasitic J2s with a quick decline in the 38t The third expression profile includes
strong expression in pre-parasitic and parasitistdge, after which the expression declines
to detectable but significantly lower levels in J8,and adult females (profile 11l in Fig. 4).
The fourth observable expression profile also cosegrithe strongest expression in the
early parasitic stages followed by a decline dufingher development of the nematode,
but now including adult males too (IV in Fig. 4).cAnstitutive expression similar to that of
the CDPK gene represents the fifth distinct profilein Fig. 4) detected within this gene
family.

The SPRY SEC gene family members code for nematode effectors

The computer predictions indicated that a majorftyhe products of the SPRYSEC gene
family members is likely to be secreted by the dbesophageal gland. Secretory proteins
produced in the dorsal esophageal gland have Hemmnsin the stylet secretions .
javanica (Doyle and Lambert, 2003). We have raised speaifitbodies to SPRYSEC-
family members to test if the encoded proteins apdin the stylet secretions of the
nematode. To this purpose, two antigenic peptidéeSENSKHRSVRAKLPC [in
SPRYSEC-9, -15, and -18] and HWGNERPYIDGQPKFD [ if] alere used for the
immunization of rabbits. The polyclonal antiseruamsed to the peptides recognized three
bands on western blots (25, 32 and 37 kDa resmdgti¥ig. 5A) suggesting that at least
three family members were detected in the proteiraets of nematodes. Western blots of
recombinantly produced SPRYSEC-15 were also proli#tdthe antiserum to test that it
indeed specifically recognized members of the gandly (data not shown). The stylet
secretions of about 3 million nematodes were subgty collected in vitro and tested on
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a native dot blot (Fig. 5B). The antisera raisedthe synthetic peptides detected
SPRYSEC-family members in the stylet secretions,redmthe pre-immune serum of the
rabbit did not bind to the stylet secretions. A mdonal antibody to a cellulase in the
stylet secretions of the nematode was used a y®sithntrol, whereas an antibody to
muscle proteins of the nematodes was tested asteokéor protein contaminations from

damaged nematodes.

p Mr
A (Kpa) B
aSPRYSEC
- 50
a9
aCellulase
—25

a Muscle proteir

Pre-immune

Figure 5. Immunodetection of SPRYSEC family members in nemf@tbomogenates (A) and collected stylet
secretions (B) using the antisera raised to twailjaspecific synthetic peptides (see alignment ig. ). The
antiserum specifically recognizes three proteindsanith molecular masses between 25 and 39 kDw/ifigh are
not detected in nematode homogenates with thenpmasne serum from the same rabbit (P). The samseaatn
shows specific binding to collect stylet secretiafishe infective juvenile. Samples probed with MBR that
recognizes cellulases in stylet secretions alsotedapositively, whereas the muscle protein spedifitibody
MGROO07 indicated the absence of potential leakem@ flamaged nematodes during the procedure.

The diversity in the SPRYSEC gene family mainly localizes to two protein
surfaces

A protein alignment of the SPRY family members shaan uneven distribution of the
sequence similarities between family members. Regiaith nearly perfect sequence
conservation are interspersed with regions thahayely diverged (Fig. 6). Recently, the
protein structures of three homologous of B30.2/PRve been resolved (SSB-2 from
Mus musculus with PDB accession 2AFJ (Masters et al. 2006), GAMUS from
Drosophila melanogaster with PDB accession 2FNJ (Woo et al. 2006), and BRRY
from Homo sapiens with PDB accession 2FBE (Grutter et al. 2006). dkerall fold of
these proteins is a distorted compgaandwich core formed by two antiparalfekheets
connected by variable loops, with two shathelices at the N-terminus. Our objective was
to investigate if the sequence variability among tiene family members localizes to
specific elements in protein folds predicted bysture homology modeling using the
resolved B30.2/SPRY structures as template.
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Among the gene family members, SPRYSEC-19 showshibbest level of
similarity with any of the three possible template$2.1% identity and ~37.1% similarity),
and consequently remote homology modeling had toskd. The approach was to transfer
the coordinates along the stretches that constib@-sandwich core and to generaie
initio the loops between the structures by repeated rounds of simulated amgeand
minimization. Usually, in a crystal the protein atltbthe most favored conformation, so the
NMR structure determined for SSB-2 was discardea &snplate. From the remaining two
crystal structures, GUSTAVUS shows the highest laitity with SPRYSEC-19 and the
lowest level of insertions or deletions along tiRRS region and was therefore retained as
a modeling template. Even if these levels qualify thmplates only for remote homology
modeling, the match of the predicted secondaryctira of SPRYSEC-19 and the
secondary structure patterns of template is verly meicating a high level of the model
accuracy. Similarity analysis of SPRYSEC-19 shoved the similarity is clearly clustered
within the B stretches that form the copesandwich while it diminishes drastically along
the loops connecting these secondary structureeslsm

The 3D protein structure model of SPRYSEC-19 wasesylently used to build a
consensus structure model of the best matchingyfameémbers (Fig. 7). From the original
set of fourteen sequences, seven were eliminatedrisensus model building due to large
gaps/insertions that bias the meaningful infornmatio the 3D representation. The
remaining sequences SPRYSEC-4, -9, -18, -15, -1, afhd -12 were included in the
consensus 3D model based on the structural infowmaif SPRYSEC-19. As can be
readily seen, only two regions of the surface sleaaeptionally high variability (Fig. 7).
One highly variable area is located in the so-dadlerface-A region, and a second region of
moderate variability is located at the BC box, esponding to the3 structure (annotation
of (Woo et al. 2006).

Positively selected sites in the SPRY SEC gene family partially localize to the
protein surfaces

For genes in the secretome of plant-parasitic netest the SPRYSEC-gene family is
unusually large suggesting that strong selecti@sgures may act on these genes. Codon
alignments build from cDNA and amino acid sequerafethe gene family were analyzed
in PAML to test if footprints of diversifying seléoh are detectable at specific sites. We
statistically assessed the significance of the 8\vatio > 1 per site under five different
evolutionary models (MO, M1, M3, M7, and M8). Faveive sites in the alignment we
found significant (P>0.95) dN/dS-ratios > 1 (i.esjlions: 125, 172, 185, 186, 205, 206,
217, 219, 280, 286, 311, and 324; Fig. 7). Eightaftivelve sites that have been subjected
to diversifying selection localize to the predicgdface A in the 3D-structure model of the
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SPRYSECs. Most of the insertion/deletions within fhietein family occur in the loops
between th@-sheets that form the core of the fold of the protBecause of the absence of
proper codon alignments in these regions the cumember of positively selected sites is
likely to be an underestimation.

Figure 6. Mapping of the protein sequence diversity onte ttonsensus 3D structure model built on seven
members the SPRYSEC gene family. Based on the osase&equences of seven most similar family members
consensus (chimerical) model was built by homolomdeling. The variability at a given position wafided as
the average of the Blosum62 substitution matribuealbetween family members and the consensus. dlbesv
are mapped onto the 3D model as colors from bligh (similarity) to red (low similarity) in the sanmanner the
b-factor (temperature factor) of a structure apresented. As can be readily seen, only two regiftise surface
show increased variability. A highly variable aredocated in the surface-A region using the arntimtaof Woo et

al (2006), and a second region of moderate vaitiplisl located at the BC box, corresponding.8ostructure using
the same annotation.
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SPRYSEC gene family

Infection assays on plants expressing dsRNA designed on SPRYSECs are
inconclusive

Potato plants expressing dsRNA designed on threBRYSECs to knock-down the
corresponding gene in the nematodes were challettg@u/estigate their importance in
nematode-plant interactions. Nematodes on threeobuight transgenic potato lines
expressing dsRNA from SPRYSEC-19 showed an arrestedetarded development.
Nematodes in plants with the empty vector all depetl into cysts, whereas nematodes in
plants expressing dsRNA to SPRYSEC-19 were mostyrsthe J2 stage with only a few
individuals in the J3 stage. For one out of thm@mdgenic lines expressing dsRNA to
SPRYSEC15, and four out of ten lines expressing dsRNSPRYSEC-18 we observed
similar outcomes. However, the lines that testesitpely were propagated clonally and
retested for nematode development. It appearednitrag of the tested lines showed the
same phenotype as in the first test. The propagatidhe transgenic lines was done by
making internodal stem cuttings. For reasons undieais the data appeared not to be
reproducible in the clonally propagated lines.

Overexpression of SPRYSEC-19 in plants results in super-susceptibility to
nematodes, the fungus Verticillium dahliae, and tomato spotted wilt virus
To further test the virulence function of the SPRYSER parasite-host interactions, we
inoculated stable transgenic plants harboring tRRYSSEC-19 gene without the code for
the signal peptide with infectiveG. rostochiensis. Nematodes infecting plants
overexpressing the SPRYSEC-19 gene exhibit a sgnifly higher infectivity (Fig. 8A,;
Student-test p-value < 0.01). In wild type plants, andnpéaharboring the empty plasmids,
only about 5 percent of the nematodes had developedhe adult female stage, while at
the same time in two independent overexpressia@s {8 3 and 18_4) approximately 18
and 25% of nematodes had reached the adult fertede.sThe root systems and aerial
parts of the wild type plants, the plants with epmpgctor, and the plants with SPRYSEC-
19 overexpression showed no morphological diffeesnc
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These same overexpression lines were also inoculatkdhe fungus/erticillium
dahliae and Tomato Spotted Wilt Virus (TSWV) to monitor the disease symptom
development over time. The fresh weight of the glanoculated withv. dahliae spores,
and mock-inoculated plants, were assessed fourswvaftér inoculation as an indicator of
disease development (Fig. 8B and 9A). Dependinthertransgenic line a four- to tenfold
increase in disease development was observed msplaerexpressing SPRYSEC-19
relative to plants harboring the empty vector. &iny, disease symptom development of
tomato spotted wilt virus infections on plants @gressing SPRYSEC-19 was
significantly more severe as compared to plantsdrarg the empty plasmid (Fig. 9B).
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Figure 8. Potato plants overexpressing SPRYSEC-19 are hyseeptible toG. rostochiensis and
Verticillium dahliae. Infection assays were done with three linesafsgenic potato plants, including
the plants transformed with the empty binary ve@BINPLUS (EV)), and two independent lines
overexpressing SPRYSEC-19 (18_3 and 18A4)Nematode infection was monitored over 35 days,
and the infectivity was calculated as the meanegege individuals developed into adult females
inside the root system from the total number ofvitials inoculated on the plants over at least 8
independent replicateB. Fresh weight of plants infected with dahliae strain 5368 expressed as a
proportion of the fresh weight of mock inoculatddrs 21 days post-inoculation. The characters a,
b, and c indicate statistical significances ofahserved differences in the plants (P<0.01).
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Figure 9. Disease symptoms development in potato plants rpezssing SPRYSEC-19 inoculated
with Verticillium dahliae (A) and tomato spotted wilt virus (B). Infectionsags were done with three

lines of transgenic potato plants, including thanp$ transformed with the empty binary vector
pBINPLUS (EV)), and two independent lines overespieg SPRYSEC-19 (18_3 and 18_4).
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Discussion

Over one hundred effector molecules are secretextdgntary plant-parasitic nematodes to
promote their virulence on host plants. To datefthetional analyses of these effectors
point at a role in host plant invasion and feedisite formation. We found that
overexpression of the nematode effector SPRYSEGiJ#btato plants results in two- to
threefold increase in susceptibility to the oblegdtiotrophG. rostochiensis. But, more
strikingly, the same transgenic lines also showgdouen-fold increase in susceptibility to
a fungus Y. dahliae) and an increase in disease symptom developmeatbys (TSWV).
This effect on the virulence of three pathogens veittiirely different modes of host
invasion, colonization, and reproduction suggdsés SPRYSEC-19 protein suppresses or
stimulates a generic process. The morphology ofSRRYSEC overexpression lines of
potato does not differ in such a way that couldi@rpthe increase in virulence of the three
pathogens. We therefore hypothesize that at leamte SSPRYSECs likely interfere with
PAMP-triggered immunity (PTI) signaling in potatatmormally restricts the infection of
a wide range of pathogens. Recently, a range débaktype Il effectors with suppressive
activity on the basal branch of the innate immuypstesn of Arabidopsis thaliana and
Nicotiana benthamiana have been identified by overexpressing the effsdtothese plants
(reviewed in (Abramovitch and Martin 2004; Grahak 2006; Nomura et al. 2005). There
is also evidence that the type Il effectors cahieae basal defense suppression by
interfering with different PAMP signaling pathwaf#hang et al. 2007). We are currently
testing if, and how, the overexpression of SPRYSHE@Jpotato modulates PTI signaling.

The use of the B30.2/SPRY domain as means to meddias¢ase signaling in a
host seems to be an evolutionary innovation of riedes. The SPRY domain (~ 120
amino acids) was first identified in BPand in RYanodine receptors iDictyostelium
discoideum. At about the same time, the term B30.2 (~170 anaicids) was coined for a
domain encoded by an exon in the human class Irrhégtocompatibility complex region
(reviewed in (Woo et al. 2006). The B30.2 domain poses a C-terminal conserved
SPRY domain, preceded by a more variable subdomained PRY. The SPRY domain
occurs in 53 different architectures with a varietly other domains. SPRYSECs only
consist of a single B30.2/SPRY domain and a sigeatide for secretion. Other proteins
with exactly the same architecture are found inviigom glands of venomous snakes and
lizards. These proteins, named tespryn (the name derives from Yilem PRY-SPRY
domain containing proteingiith a signal-peptide), includes four members ap (i.e.
ohanin/pro-ohanin (Pung et al. 2006)], Lizard ver(&ny et al. 2006), thaicobrin [Genbank
accession P82885], (Junqueira-de-Azevedo et ab)2@nhd ohanin-like protein (Li et al.
2004)). Another group of secreted B30.2/SPRY pnsteare the stonustoxins from the
stonefish Hynanceja horrida, (Ghadessy et al. 1996) and the neoverruconotdxans the
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stonefish @ynanceia verrocusa; (Ueda et al. 2006)). These stonefish toxins form
multimeric complexes of large subunits (70-85 kmdth the B30.2 at the C-terminus of
each subunit. Despite having a similar domain &chire, none of the proteins mentioned
above has significant similarity to the SPRYSECs.

Primary amino acid sequence of the SPRYSEC membemsost similar to the
SPRY domain of metazoan Ran-binding proteins, utuch smaller (about 27 kDa versus
65-70 kDa) and lacks the LisH and the CTLH domaieg (er review (Murrin and Talbot
2007)). The physical interaction between Ran andBRah is mediated through its SPRY
domain. It could therefore be argued that the SARY<Sexert their activity in a manner
still similar to that of Ran-binding proteins. Inyaast-two-hybrid analysis with two Ran
genes from tomato and SPRYSEC-19, we have not faupklysical interaction (data not
shown). Ectopically expressed metazoan RanBPM eresfwith the dynamic stability of
microtubules, which leads to uncoordinated astemédion in the recipient cells
(Nakamura et al. 1998). Overexpression of two SPRY¥S-19 and -15 in a transgenic
tobacco cell line with MAP4 fused to GFP did nobwhabnormal microtubule organization
(data not shown). We therefore conclude that thRYSSEC gene family and nematode
RanBPM may have a common ancestor, but that tlereiifces in protein architecture and
the experimental evidence point at different roles.

Typically, alignments of SPRY domains show conseiviedks interspersed with
highly variable stretches of varying length andusage in the loops at the surface of the
protein (Rhodes et al. 2005). We found that mosthefamino acid sites that are under
diversifying selection are also in these loops ssgtjgg that this hypervariable surface
likely interacts with host targets. It should betatbthat because of a lack of sufficient
alignment between members of the SPRYSEC gene favitiyn the loops, which impedes
proper analysis in PAML, the current number of sitender diversifying selection may
even be an underestimation. The residues in theeoged blocks constitute in total fifteen
beta-strands that fold into two beta-sheets ofralsi&ch shaped core. Seto at al. (1999)
noted that the core structure of the SPRY domaimreisiniscent of the classical
immunoglobulin (Ig) fold. The topology of the Ig-thain consists of beta-strands forming
two beta-sheets packed together in a layered stricthe hypervariable complementarity-
determining regions (CDR) in immunoglobulins thae deld together by framework
regions in these variable domains condition antigiading, which are located in the
extended loops at one side of the beta-sandwichwidie range of binding specificities in
immunoglobulins is brought about by variationséndth and in amino acid sequence in the
hypervariable loops (reviewed in (Wilson and S&ldf1993). Recent work on the protein
structure of SPRY domains suggests that the cotectste is similar to that of the
immunoglobulines. However, the actual topology s B30.2/SPRY domain represents a
novel fold distinct from the immunoglobulin fold @gters et al. 2006).
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By using transcript-derived fragments to queryraitéd database of expressed
sequence tags from second stage juvenile§.ofostochiensis, we have by no means
exhaustively searched the nematode’s transcriptmméomologs. For instance, primers
designed on a single family member are able to R@RIify several novel variants per
member (data not shown). The sheer size of the SHYgene family, the hot spots of
sequence variation in the SPRY domain, and itscttral homology with the
complementarity derived regions (CDRs) in immunbglimes suggest that this framework
is capable of displaying extensive sequence diyersihis implicates that strong
evolutionary pressure is likely operating on SPRYSE@nd more specifically on the
surface A of the SPRY domain. We therefore hypdtieethat the SPRYSECs act at the
interface of pathogen recognition and evasion dft ionate immunity. An interesting
similarity to this is found in TRIM& in the innate immunity of primates to retroviruses
TRIM5a potently restricts infection of HIV-1 replicatian rhesus-monkeys, whereas its
human ortholog exhibits only a weak restrictionr¢8tlau et al. 2005). Recently it was
shown that the specificity of viral restriction @ewled on amino-acid differences and
length variations in the B30.2/SPRY domain of TRBM®\ single mutation in surface A of
the B30.2/SPRY domain in human TRIM5can confer the ability to restrict virus
replication in a human cell line. Furthermore, alratch of 13 residues acids on surface
A in the SPRY domain of TRIM® has tested positively for diversifying selecti@agyer
et al. 2005).

The next question then to address is how the SPRY&Eksve evasion of host
innate immunity. We believe that there may be alerin the regulatory mechanism of
the SPRYSECs and the protein that was actually asethe best modeling template,
GUSTAVUS. GUSTAVUS belongs to the SPRY domain-comfaBOCS box protein
family (Hilton et al. 1998). In the consensus modélthe SPRYSECs the C-terminus
includes an (partial) alpha helical structure. RRY containing SOCS Box (SSB) proteins
this alpha helical structure is named a BC box (Wbal. 2006). The BC box is one of two
elements in the SOCS box (~40 amino acids), whieheviirst described in suppressors of
cytokine signaling. The LP-rich region — the secolednent in a SOCS box — is not present
in members of the SPRYSEC gene family. Some autiare drawn up a parallel between
the role of the F box in the SCF complex and tHighe SOCS box in the ESC complex
(Kamura et al. 1998; Kile et al. 2002). The SCF claxps assembled from SKP2
(including an F-box), SKP1, Cul-1 (including itssasiated proteins Rocl, E2, and E1;
reviewed in (Willems et al. 2004)). SKP2 is the @da that determines the binding
specificity of the complex to various targets. SKiids to the F-box in SKP2, and bridges
between SKP2 and the cul-1 (and its associateatipg)tthus forming an E3 ubiquitine
ligase complex. In principle SKP2 conditions theognition specificity to bound substrate
(protein), and the turnover of that bound proteiitl Whereafter be determined by the
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ubiquination by the assembled Ub ligase complex. @drallel is such that the BC box in
SSBs, and possibly the SPRYSECSs, binds elongin 8 {taereby elongin C). Elongin BC
may bridge between the protein that has the BCamakCul-2 (and its associated proteins)
so that an E3 type ubiquitine ligase complex iseadsed. The substrate recognition
specificity in the protein with the BC box will dgtnine which proteins become regulated
by the ESC E3 ubiquitin complex. We hypothesize #wmne of the SPRYSEC family
members may act as adapters to provide diversgméimm specificity to the Ub ligase
complex. Modifying their rate of turnover may thegulate the molecular targets of these
SPRYSECs in host cells, for instance componentsanPTI signaling pathways. Further
research is required to identify these moleculegets of SPRYSEC in host cells, and to
study how their activity is regulated.
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Abstract

Parasitism genes expressed in the esophageal ghlsdof the potato cyst nematode
Globodera rostochiensis are believed to be important for nematode-platgractions. We
have previously shown that the nematode effect®®YSEC-19 is specifically expressed
during onset of parasitism and likely suppressesalbammunity in host plants. The
objective of this study was to investigate the roolar targets of SPRYSEC-19 in host
cells. With yeast-two-hybrid analysis amd vitro GST pull-down assays we found a
specific physical interaction of the nematode d¢ffeSPRYSEC-19 with the LRR-region of
a tospovirus resistance gene homolog, named SVifbsR,tomato. The structure of SW5-F
resembles that of the CC-NB-LRR class of resista@mees. It shares significant similarity
with five other members of the SW5 cluster, thetdamt nematode resistance gene Mi-
1.2, and thePseudomonas syringae resistance gene PRF. Furthermore, we found that
SPRYSEC-19 bears a nuclear localization signal wkacheted a GFP fusion protein of
SPRYSEC-19 to the nucleolus of tobacco BY-2 cellsmato and potato harboring the
SW5-F gene are not resistant to nematode carryiRRYSEC-19. In addition, co-
expression of SPRYSEC-19 and SW5-F in an agroiafitin assay did not elicit a
hypersensitive response. Therefore, we hypothdélsatethe nematode effector SPRYSEC-
19 promotes virulence in susceptible host plantsugpressing basal defense through its
interaction with cognate receptor SW5-F.
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Introduction

The potato cyst nematoddobodera rostochiensis parasitizes a small range of Solanaceous
plants such as potato, tomato and eggplant (Evah&tme, 1970). Freshly hatched from
eggs in the soil, the invasive second stage jugerfil2s) penetrate the roots of a host plant
just behind the apex and migrate intracellulariwaods the vascular cylinder where they
establish a multinucleate feeding site in the irgm@tex. In the feeding site, host cells are
transformed into a so-called syncytium, which isthked by protoplast fusion, partial cell
wall dissolution, dense cytoplasm, small secondaacuoles, enlarged nuclei and
proliferation of organelles. Developing nematodemain sessile and complete their
development by feeding on these specialized feeditlg (Wyss and Zunke 1986; Wyss,
1992). Nematode effector molecules, secreted fltmresophageal glands through the oral
stylet into the host cells, are believed to be @asble for induction and maintenance of the
syncytium. Recent studies suggest that plant gara®matodes secrete a whole suite of
effector molecules into the host tissue, probabigoded by more than one hundred
different genes (Gao et al., 2003; Qin et al., 2000

In order to cope with invading pathogens, plantsehavolved a multi-facet
defense system. Basal immunity is based on redogrif conserved pathogen associated
molecular patterns (PAMPS) by extracellular trareswhrane pattern recognition receptors.
PAMP recognition may lead to activation of mitogastivated protein kinase signaling,
accumulation of reactive oxygen species, cell valbed defenses, and activation of
defense genes to prevent further pathogen inges®e$ and Dangl, 2006; Ingle et al.,
2006; He Ping et al., 2007). In turn pathogens rewaved effector molecules that target
signaling components in PAMP-triggered immunity (PTd promote virulence by
suppressing defense responses. To counteract thesments, plants have evolved a
second branch in their immune system involving aXtitracellular immune receptors (R
proteins) to survey for pathogen effector moleculBEise interaction between pathogen
effector molecules and the cognate R proteins neaglifect, but more often these effectors
induce modifications in host cells that lead to 1seif recognition. This so-called effector-
triggered immunity (ETI) often leads to a rapid pagmed cell death of host cells (a
hypersensitive response) which halts the pathogés antry site. Recent findings indicate
that effector-triggered immunity overlaps with PANMRygered immunity but differs
quantitatively and kinetically (Chisholm et al.,(8) Kim et al., 2005; Mithofer et al.,
1996).

Plant R proteins can be divided into three majassts: receptor like proteins,
receptor like kinases, and nucleotide binding Ilgitesine rich repeat proteins (NB-LRR).
Receptor like proteins (e.g. Cf2 and Cf9) have xraeellular LRR-domain connected to a
short trans-membrane region, whereas receptor Kikases like Xa21 have an extra-
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cellular LRR, a short trans-membrane motif, andrdaracellular kinase domain. The vast
majority of R proteins belong to the NB-LRR clas4a(tin et al., 2003; van Ooijen et al.,
2007). The nucleotide binding site in NB-LRR proteiractually comprises two
subdomains, the NB (nucleotide binding) and AR®@r{frhomologous to humanpéptotic
protease-activating factor, toteins, and ED-4 protein ofC. elegans). The NB domain is
thought to act as a molecular switch following ATiading (McHale et al., 2006). The
LRR domains (LRD) consist of 2 to 42 repeats of wheelch repeat is formed by 24-28
residues largely, following the consensus sequéngexxLxLxxC/Nxx. LRD have been
implicated in protein-protein interactions by formgiligand-binding surfaces (Enkhbayar et
al., 2004). Within R-proteins, the LRD is the mostiable domain and various studies
have demonstrated its role in determining resigaspecificity by recognizing different
pathogen effector molecules. The NB-LRR domains ipré&teins may either be linked to
an N-terminal coiled-coiled domain (CC) or a TIR fi@logous toDrosophilla Toll and
human interleukin-1 receptor) domain. A direct fatdion between an R-protein and a
pathogen effector with avirulence activity is so faund only in three cases, i.e. between
Pita/AvrPita, L/AvrL567, and PopP2/RRS-1 (Jia et 2000; Deslandes et al., 2003; Dodds
et al., 2006). It is believed, however, that mogirBeins recognize their cognate pathogen
effectors indirectly by the changes in moleculattgras they induce in host cells (Mackey
et al., 2002).

Several nematode resistance genes have been dstilate important crop plants
(Williamson and Kumar, 2006). H&3' cloned from sugar beet confers a resistance
response to sugar beet cyst nematode (Cai et%7)1The tomato R genesli-1.2 and
HeroA, condition resistance against root knot nematqgoecies and against different
pathotypes oGlobodera rostochiensis andGlobodera pallida, respectively (Milligan et al.,
1998; Ernst et al., 2002However, potato plants with the R ger®pa2 and Grol-4
display resistance to only a few pathotype&opallida andG. rostochiensis, respectively.
The Mi-1.2, Gpa2, andHeroA genes belong to the intracellular NB-LRR class efeéRes
with a CC-domain at their N-terminus, wher€&x®1-4 is a TIR-NB-LRR type of R protein
(van der Vossen et al., 2000; Paal et al., 20BAYy1 and Rhg4 from soybean condition
resistance to several pathotypes of the soybedameysatodéd. glycines and likely encode
an R protein with an extracellular LRR-domain, arshoans-membrane region and a
cytosolic serine-threonine kinase domdehg4 is structurally related to the rice geXa?1,
which displays resistance against the bacteriddqugenXanthomonas oryzae (Song et al.,
1995). Similarly,Gpa-2 conditions nematode resistance while its closesadiog gives
resistance to potato virus X. Resistances to nadeats generally attributed to a failure to
form a functional feeding site, which leads to hyghkewed male to female ratios. For
example, Mi mediated resistance is characterized bgpid localized cell death near the
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anterior side of nematode, wheré#s 0A mediated resistance leads to atrophy or abnormal
development of the feeding site (Branch et al. &22@bbczak et al., 2005).

Plant parasitic nematodes inject a suite of effectmlecules into host cells.
Despite the cloning of several R genes conferrggjstance to nematodes there is little
known about the corresponding effectors with aeinge activity (Davis et al., 2004). The
segregation pattern of virulence @ rostochiensis towards the H1 resistance gene from
Solanum tuberosum reveals a gene-for-gene relationship (Jansseh, t91). However,
the (a)virulence factor has not been cloned to.dakewise, an amphid secreted protein
MAP-1 has been found to be expressed only in antuhear isogenic lines (NILs) .
incognita on tomato with thévlil.2 resistance gene, but not in virulent NIL's. Duethe
specific expression in avirulent NIL's, MAP-1 isreidered as an avirulent gene candidate,
but further evidence to support this is currergigking. Interestingly, the MAP-1 homologs
were found in only three root-knot nematode specMs incognita, M. arenaria, M.
javanica), which are all controlled by thli-1.2 gene (Semblat et al., 2001). Similarly, a
cDNA-AFLP cloning strategy resulted in the identifion of twenty-two transcripts
specifically expressed in avirulent NILs &fl. incognita. Most of the differentially
expressed genes have no matches in sequence @atababkeir function still remains to be
elucidated (Neveu et al., 2003). So far, chorisnmtgase (CM) is the best functionally
characterized nematode effector that may play itaporrole in promoting nematode
virulence (Lambert et al., 1999). CM is an enzymereted from the esophageal glands of
many plant-parasitic nematodes, and may maniptietehost plant’s shikimate pathway.
The shikimate pathway is involved in the synthesisammatic amino acids, plant
hormones and numerous secondary metabolites wifenske activity (Schmid and
Amrhein, 1995). Strikingly, in various inbred lineg the soybean cyst nematode the
expression of distinct forms of CM correlates witlkmatode resistance in soybean
cultivars. It has been proposed that nematode teecrl€M could promote nematode
virulence through suppression of plant defense comgs like salicylic acid and
phytoalexins (Bekal et al., 2003; Doyle and Lamki2003).

We have previously shown that the nematode effeygoe SPRYSEC-19, which
is specifically expressed during the onset of pasas of G. rostochiensis, likely
suppresses basal immunity in host plants. The tibgeof this study was to investigate the
molecular targets of SPRYSEC-19 in host cells. Wendéba physical interaction of
SPRYSEC-19 with the LRR region of a novel CC-NB-LRRtpin from tomato by using a
combination of yeast two hybrid analysis anditro GST pull down assays. The CC-NB-
LRR protein is a member of the SW5 R gene clustewbich some other members
condition disease resistance to tospoviruses. \Wediushow that SPRYSEC-19 targets the
nucleus of host plants, which is recently implicaia the disease signaling of some R
proteins.
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Materialsand M ethods

Prey cDNA library construction

The prey cDNA library used in present study has beéescribed in Van Bentem et al.
(2005). In brief, cDNA prepared from mRNA isolattdm tomato plantsLfycopersicon
esculentum cultivar GCR161; [Kroon and Elgersma, 1993]) inéettwith Fusarium
oxysporum forma specialisycopersici race 2 isolate Fol007 was cloned downstream of the
Gal4 transcription activation domain (AD) into EcoBhd Xhol sites of Lambda-ACT
vector (Elledge et al., 1991). The ligation produstre packaged into phage particles
using the Gigapack Il gold cloning kit (Stratageneambda phages were converted into
yeast shuttle vectors using aim Yivo mass excision” protocol (Elledge et al., 1991). The
library consisted of 2-million independent cloneiwaverage size of library 1.1kb.

Bait and Prey plasmid construction

The MATCHMAKER Two-hybrid System 3 (Clontech) was udedconstruct all the bait
and prey constructs in this study. For SPRYSEC-19 dmmstruction, coding region of
SPRYSEC-19 was amplified with primers YALS-F:
GACCTCCATATGCCGCCGCCAAAAACAAAC; YA18R:
GTCGAGGGATCCAATTCAAAATGGGCCAAAG) by polymerase chain reaction
(PCR), underlined sequence represents Ndel and Beastiiction sites. The amplification
products were cloned by restriction digestion enfe with Gal4 DNA-binding domain of
vector pGBKT7 (invitrogen) by using Ndel and Bamidktriction sites. Prey plasmids of
LRR-domains of various resistance proteins such »agpRtato), RPM1 (Arabidopsis),
RPS5 (Arabidopsis), 1-2S (tomato), and Mi-1.2 (ttmhahave been described in Van
Bentem et al. (2005). For the LRR-Gpa2-bait, we wsg@thsmid containing LRR-domain
of Gpa2 fused with YFP. The LRR-Gpa2 was digestett Witol and Pstl and cloned in
pGBKT7. For Sw5-A and Sw5-B LRR baits, plasmids pBINSw5a-LRR-HA and
pBIN61-Sw5b-LRR-HA were used respectively. LRR of SWand SW5-B were digested
with Ncol and Sall and cloned in pGBKT7. For comstion of A Int-1/-2-AD, the reading
frame was disturbed by cloning Int-1/2 insert frg@ACT2 to pGADKT7 by EcoRI and
Xhol restriction digestion. For the swap analySBRYSEC-19 was cloned in pGADKT7
by using restriction digestion with Ndel and Bamltbm SPRYSEC-19BD (SPRY-
pGBKT7). Similarly,Int-1/2-BD was constructed by reclonimigt-1/2 from Int-1/2-AD into
pGBKT7 by using EcoR1 and Xhol restriction sites.

Yeast two hybrid analysis

The yeast host strain AH109 harbors three repodregADE2, HIS3 andMEL1) that are
tightly regulated by UAS (upstream activated segegnand requires binding of functional
Gal4 transcription factor for the expression of amer genes. In order to identify
SPRYSEC-19 interactors, AH109-yeast cells were samebusly co-transformed with
pACT2-tomato cDNA library (prey) and bait (pGBKT78PSEC-19) according to
manufacturer’s protocol. The transformants wereeplatn minimal SD agar base medium
lacking four essential amino acids (—AHLW) but umthg 5-bromo-4-chloro-3-indolyd-
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D-galactopyranoside (%-gal) followed by incubation at 3G for 10-days. Blue colonies
were selected as positive candidates followed tscuiag of AD-plasmid following
manufacturer’'s instructions. Interaction was scoreidually based on growth of
transformants on selective plate as negative @jcating no growth, or positive (+)
indicating growth. Interaction strength was indechfrom + (strong) to +++ (very strong)
depending upon growth rate. The prey and bait p@swaid not auto activate marker genes
when co-transformed with empty bait and prey plasmiespectively. For yeast mating,
pGBKT7-constructs were introduced into yeast sthél87 and AD-plasmids (pACT2 and
pPGADKT7) were introduced into AH109 yeast straifldaing manufacturer’s protocol.
For each of Y187 and AH109 transformants, a 2-3rolony was vortexed in 200l of
YPDA and mixed together followed by incubation o€ tmixture at 36C for 16-hours with
shaking. The transformants were spread on platéds minimal SD/-AHLW+ Xe-gal
medium followed by incubation at 3G for 3-5 days.

Expression and purification of recombinant protein from Escherichia coli

The coding region of SPRYSEC-19 was PCR amplifiethfeocDNA library (Smant et al.,
1998) using primers (SpG-F: CB&ATCCCCGCCGCCAAAAACAAAC, and SpG-R:
CCCCTCGAGAATTCAAAATGGGCCAAAGTTC) with BamH1 and Xhol overhangs a
5%end and directionally cloned in pGEX-KG (Guan &ngon, 1991). For GST-LRR-SW5-
F construct, the LRR region of SW5-F from AD-Intpfasmid was isolated by restriction
digestion (Ncol and Xhol) and cloned in pET-42b @g@mn). The samknt-1/2 fragment
was also cloned in pET-32b (Novagen) by restrictiligestion to produce THIO-LRR-
SW5-F. The BL21 (DE3) cells were transformed with G&ST-LRR-SW5-F, GST-
SPRYSEC-19, THIO, and THIO-LRR-SW5-F followed by intdac with 1mM-IPTG at
30°C for 5-hours. The cells were lysed by sonicatiod itimes strength PBS (containing a
complete protease inhibitor cocktail) and the sogimt was kept in -20C till further use.

In vitro GST pull-down assay

The protocol of GST-pull down assay has been addpbted Nguyen and Goodrich (2006)
with some modifications. In the first strategy, thkeluble fraction of bacterial lysate
containing either GST or GST-SPRYSEC-19 was incubafiégh glutathione sepharose 4B
beads (Amersham) for 2-hours dC4followed by removal of lysate by centrifugatidfo
bound GST or GST-SPRYSEC-19, THIO-LRR-SW5-F or THIOnelavere added and
incubated at %«C for 4-hours. As negative control, sepharose beegte incubated with
THIO and THIO-LRR-SW5-F respectively. In the secondtegy, the soluble fraction of
bacterial lysate containing either GST or GST-LRR-SWWas incubated with sepharose
beads followed by removal of the lysate by cengdfiion. To bound GST or GST-LRR-
SW5-F, purified SPRYSEC-19 was added and incubated-hours at 4C. Immobilized
proteins on sepharose beads were washed 5 timhsPBiB+0.2% Tween. To determine
protein interaction, sepharose beads from all sasnplere re-suspended in SDS-PAGE
sample buffer followed by SDS-PAGE and subsequesteme blotting.

SDS-PAGE and western blotting

Proteins were separated on 12.5% denaturing pgigawcide gels by SDS-PAGE and
transferred subsequently on @n2 nitrocellulose membrane (Schleicher and Schusil)
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semi-dry blotter with dry blot buffer (48mM Tris, @M Glycine, 10% methanol, pH 8.3).
The blots were probed with different primary antilesd: anti-GST 1:3000 (Amersham),
anti-Thioredoxin 1:3000 (Invitrogen), and anti-SPRGS19 1:2500, followed by their

detection with alkaline-phosphatase-conjugateditatii-goat 1:5000, rabbit-anti-chicken
IgY 1:5000, and rat-anti-mouse 1:5000 (Jacksorpaetively. The blots were developed in
substrate buffer supplemented with nitroblue-tetliam (NBT) and 5-bromo-4-chloro-3-

indolylphosphate (BCIP) (Sambrook, 1989).

L ocalization in BY-2 cells of tobacco

A PCR-based cloning strategy was used to isolaRRYSEC-19 (nt 55-645) from a cDNA
library of G. rostochiensis (Smant et al., 1998). The resulting fragment wased in
pK7FWG2 and pK7WGF2 (Karimi et al., 2002) with Ga#y cloning technology
(Invitrogen, Carlsbad, CA, USA), to produce a Nd &terminal GFP-fusion construct for
SPRYSEC-19. The fusion constructs were introducesl B’2-cells by the biolistic PDS-
1000/He particle delivery system (vacuum, 26 inddgs helium pressure, 1, 100psi; gold
particles, 1um) (Bio-Rad). Following transformati@d®h), the transformed BY2-cells were
analyzed by using Radiance2000 (Bio-Rad) confodatarcope.

Antibody production and immuno-assay

The SPRYSEC-19 coding region (nt 55-645) was PCRIlifiethas described above and
cloned in pDEST-17 with the Gateway cloning techgwgldinvitrogen, Carlsbad, CA,
USA) to produce 6xHis tagged-SPRYSEC-19 in BL21-8Yi(togen) cells when induced
with 0.3M NacCl at 37°C for 16-hours with shaking. Recombinant SPRYSECaES
purified on Ni-NTA spin columns following manufactuts instructions (QIAGEN). Hens
were immunized with purified SPRYSEC-19 and the kniclgY was isolated and purified
as described by Kudla et al. (2005). Western bddthomogenates of pre-parasitic J2's
were performed as described by de Boer et al. (1996

Plant transformation

The coding sequence of SPRYSEC-19 without signaligespnt 57-745) was amplified as
described earlier using primers (A18ns-Ncol:
GGCGCQGCCATGGTGCCGCCAAAAACAA and Al18-Bglll: GTCGARGATCT
TTGATCGACGAAGAAAAAC) and cloned in pRAP33 using restion sites (Ncol and
Bglll) added as overhangs on primer sequences. Xpeegsion cassette containing the
CaMV 35S promoter, SPRYSEC-19 and Tnos was exciged pRAP33 using Ascl and
Pacl and cloned in pBINPLUS (van Engelen et al95)Yollowed by transformation in
Agrobacterium tumefaciens strain LBA4404 (Shen and Forde, 1989). Potato Line V
(Solanum tuberosum) was transformed by usingy tumefaciens (Horsch et al., 1984). The
explants were maintained on MS20 media supplemenitixdl00 mg/l kanamycin and 300
mg/l of cefatoxime (Duchefa). To determine the esgion of SPRYSEC-19 in stable
transgenic potato lines, RT-PCR was done. Total RINA& isolated from transgenic lines
by using Trizol reagent (Invitrogen) with subsequedNA synthesis using Superscript Il
reverse transcriptase (Invitrogen) following thenofacturer’s protocol.
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Cloning of SW5-F and agroinfiltration assays
To amplify full length SW5-F from the tomato cultiv&CR-161 (Kroon and Elgersma,
1993), 100 mg of leaf tissue was grinded in liguillogen with mortar and pestel and total
RNA was isolated using Invisorb spin plant RNA niiti(Invitek). First strand cDNA was
prepared from 5ug of total RNA using Superscript first-strand cDNsynthesis kit
(Invitrogen) following the manufacturer's protocdlhe cDNA was used for amplification
of full-length SW5-F using BD Advantage™ 2 PCR K&D life sciences) with primers
SW5AB (5"-ATGGCTGAAAATGAAATTGA-3)) or SW5CD (5.
ATGGCTCAAAATGAAATTGA-3Y) in combination  with Int-1/2-R  (5-
GCACAGCAAAAGTATCATGTCA-3%). The amplification product ofbout 4kb was
cloned in pCR4 TOPO (Invitrogen) and sequenced.

To construct a binary vector containing SW5-F, tbding region of SW5-F was
PCR amplified from cDNA clone (described abovenggirimers (Sw-Ncol:
5'-GAGGAGCCATGGCTCAAAATGAAATTGAG-3' and SW-Pstl:
5-GAGGAGCTGCAGCTACCATCCTTTGATAATGAG-3) and cloned by restriction
digestion with Ncol and Pstl into the pRAP vectbine expression cassette containing the
35S promoter, SW5-F, and Tnos was excised from pB#iRg Ascl and Pacl, and cloned
in pBINPLUS followed by transformation iAgrobacterium tumefaciens strain LBA4404
(Shen and Forde, 1989). pBINPLUS-constructs coimgiisW5A and SW5B have been
described in Spassova et al. (2001), whereas Gpad25FP constructs were supplied by
Dr. Jan Roosien (Laboratory of Nematology, Wagenindaiversity). The agroinfiltration
assay was performed (Van der Hoorn et al., 2000)eanes of 3 weeks olNicotiana
benthamiana leaves. The infiltrated leaves were monitored Tordays to score the

phenotype.

Bio-informatics

For DNA sequence analysis, open reading frame (QRe&dliction, sequence alignment,
and building contigs the VectorNTi 10 program (Ineien) was used. Database searches
were done using the BLAST programs from NCBI se(¥¢schul et al., 1997). The Signal

P program was used to predict the presence ginalgpeptide for secretion (Nielsen et al.,
1997). PSORT (psort.nibb.ac.jp) was used to pretliet sub-cellular localization of
proteins and CDART was used to find conserved dosnfiom NCBI server. The COILS
program (www.ch.embnet.org/software/COI)Svas used to predict putative coiled-coil
regions from resistance gene homologue SW5-F.
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Results

SPRY SEC-19 interactswith an LRR domain in a yeast-two-hybrid analysis

Transgenic potatoes overexpressing SPRYSEC-19 aegssigoeptible to the nematoGe
rostochiensis, the fungusverticillium dahliae, and tomato spotted wilt virus (TSWV). To
study the mechanism behind this supersusceptibility performed a yeast-two-hybrid
(YTH) screening of a tomato root cDNA library toeitify interacting host proteins of
SPRYSEC-19. The coding region of SPRYSEC-19, fusatieédNA-binding domain of
GAL4 (BD), was used as a bait to interact with tibmato root cDNA fused to the activator
domain of GAL4 (AD) in pACT2. After screening of 2XliAdependent clones, five cDNA
fragments in the library activated the YTH-selestimarkers (AHLW+X-alpha-gal) in a
SPRYSEC-dependent manner. Two of these cDNAs, ndnteldand Int-2, coded for an
identical sequence of 894 bp. The interaction batv&eRYSEC-19 and botht1 andInt2
was abolished by disruption of their open readmagne (Fig. 1). The interaction between
SPRYSEC andntl and Int2 was further validatedn vivo by yeast-mating (data not
shown), and by swapping the BD- and the AD-plasnfmsbait and preys (Fig. 1).
Furthermore, SPRYSEC-19 in AD conformation (SPRYSBEAD) did not show
autoactivation of auxotrophic yeast strain (AH108)selective media (without the amino
acids AHTL) when co-transformed either with emptytee (BD-E) or with BD-lamin.
Similarly, Int-1 and Int-2 did not show autoactivation when co-transformettiegi with
empty vector (BD-E) or with BD-lamin. Thus, in yedsé interaction between SPRYSEC-
19 andint-1/2 was specific.

The AD-plasmids carryingntl andInt2 were rescued from yeast for sequencing
of the inserts. BLASTX analysis of the insert seqesnon the non-redundant database
revealed significant similarity ofntl and Int2 with the so-called Leucine-Rich-Repeat
(LRR)-region of several tospovirus (TSWV) resistageee homologues SW5-A, -B, -C, -
D, and -E (E-values ranging from ®eto 2¢*), and a nematode resistance protein Mi-1.2,
a Pseudomonas syringae resistance gene PRF, and the cyst nematode resigjanes Gpa2
and Hero (E-values, féto 2e': Table 1). Given thatntl and Int2 are identical in
sequence and that their best match is highly sinidamembers of the SW5 cluster we
named thenb RR-SW5-F.
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Int-1/2-AD
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Figure 1. SPRYSEC-19 interacts with LRR domain of tospo wimesistance gene homologue.
SPRYSEC-19 fused with DNA-binding domain (SPRYSED}RBvas used as bait to screen tomato
cDNA library fused in frame with activation-domafAD). Here AD-E is empty vector containing
activation domain, BD-E is empty vector with DNAaking domain, SPRYSEC-AD is SPRYSEC-
19 fused with AD-domain, BD-Lamin is BD-vector with-frame human Lamin genét-1/2-BD is
Int-1/2 fused with BD-domain, and Int-1/-2-AD represents Int-1/2 fused with AD-domairmere
reading frame has been disturbed.

Table 1. Best matching sequences in the database followBBGQASTX search with Int1/2 as query.

Accession# Description Expect value
AAG31017 Tospo virus resistance protein E from twma 6e-56
AAG31016 Tospo virus resistance protein D from ttoma 8e-56
AAG31015 Tospo virus resistance protein C from tmma 6e-52
AAG31013 Tospo virus resistance protein A from ttona 2e-47
AAG31014 Tospo virus resistance protein B from ttoma 2e-44
AAC32252 Disease resistance gene homologue Mi-cépy2 tomato 2e-14
AAC32253 Nematode resistance protein Mi-1.1 fromato 4e-13
AAC49408 PRF from tomato 4e-07
AAF04603 Disease resistance protein Gpa2 fSohanum tuberosum 7e-05
CAD29729 Hero resistance protein from tomato 2e-11
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SPRY SEC-19 interactswith an LRR-domain in vitro

A pull-down assay was used to independently confliminteraction between SPRYSEC
and LRR-region of SW5-in vitro. To this purpose, SPRYSEC-19 was expressed as an N-
terminal  gluthathion-S-transferase  fusion  proteinGST-SPRYSEC-19, ~48kD)
immobilized on sepharose beads. vitro translated LRR-SW5-F fused to thioredoxin
(THIO-LRR-SW5-F, ~40kD) was incubated with either GSPRYSEC-19 or GST alone
(~35kD) on sepharose beads. After extensive washingund proteins were resolved by
SDS-PAGE and western blotting. The THIO-LRR-SW5-F rmbispecifically to GST-
SPRYSEC but not with GST alone. Similarly, thioredoalone (THIO, 19.5kD) did not
bind to GST-SPRYSEC-19 on sepharose beads or tasegghbeads alone (Fig. 2A).

In a separate experiment, LRR-SW5-F was also fusddST (GST-LRR-SW5-
F), immobilized on sepharose beads, and incubat#dbacterially produced SPRYSEC-
19. Western blots of this pull-down assay revedted purified SPRYSEC-19 specifically
interacts with GST-LRR-SW5-F but not with GST alofég( 2B). Our findings indicate
that the interaction of LRR-SW5-F and SPRYSEC-19écHic both in yeast and in vitro.

The SPRY SEC-19/L RR-domain interaction is specific for SW5-F

The specificity of the interaction between LRR-SW3kd SPRYSEC-19 was further
tested by yeast-two-hybrid interaction experimebttween SPRYSEC-19 and LRR
domains of various resistance proteins of the CGLRIR class. The presence of prey and
bait plasmids was confirmed by growing the auxdiiop/east on media lacking leucine
and tryptophane (-LW). Interaction was monitored rbystreaking the transformants on
medium lacking the amino acids AHLW and allowingrihto grow for 10 days. While
SPRYSEC-19 interacted specifically with LRR-SW5-F similar interaction was not
observed with the LRR domain & (potato, CAB507886)Gpa2 (potato, AAF04603),
RPM1 (Arabidopsis, NP187360),RPS5 (Arabidopsis, NM101094),1-2 (tomato,
AF118127)Mi-1.2 (tomato, AAC32252)SW5A (tomato, AAG31013), an8\5B (tomato,
AAG31014) (data not shown).

Figure 2. LRR region of SW5-F interacts specifically witPBYSECin vitro. A) GST-conjugated SPRYSEC-19
(GST-SPRYSEC-19: 48kDa) or GST (35kDa) alone wasaiilized on sepharose beads followed by incubation
with Thioredoxin-conjugated LRR-region of SW5-F (DHLRR-SW5-F: 40kDa) or Thioredoxin alone (THIO:
19.5kDa). After extensive washings, the bound fmetevere fractionated on 12.5% SDS-PAGE followed by
western blotting. The immunodetection of GST- amibiedoxin-fusion proteins was done by probing Hletth
anti-GST followed by alkaline-phosphatase-conjudatabbit anti-goat or with anti-Thioredoxin follodeby
alkaline-phosphatase-conjugated rat-anti-mous@entively. B) GST-conjugated-LRR region of SW5-FS(G
LRR-SW5-F: 55kDa) or GST (35kDa) alone was immaeiti on sepharose beads followed by incubation with
purified SPRYSEC-19 (26kDa). The bound proteinseain on 12.5% SDS-PAGE with subsequent transfer on
nitrocellulose membrane by western blotting. Tharzbproteins were detected by probing the blotseeitvith
anti-GST and alkaline-phosphatase-conjugated raisiitgoat or with anti-SPRYSEC and alkaline-phagpbe-
conjugated-rabbit.
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LRR-SW5-F ispart of a CC-NB-LRR protein

LRR-SW5-F shows similarity with the C-terminal 194hiao acids of the LRR domain in
members of the SW5 resistance gene cluster in torfiie members of the SW5-F cluster
belong to the CC-NB-LRR class of resistance proteam&l it was therefore likely that
LRR-SWS5-F represented only the C-terminus of a lapgetein as well. In order to clone
the missing 5°-end of LRR-SW5-F, two degenerate @rsn{SW5AB and SW5CD) were
designed on the 5’-end of the members of the SW&t@l. A gene specific reverse primer
(Int-1/2-R) was designed on the 3’-untranslatedioregpf LRR-SW5-F. Following a
polymerase chain reaction (PCR) on tomato cDNAtii@al GCR-161) with different
primer combinations, an amplification product ofkb4was obtained only with primers
SW5CD and Int1/2-R. The amplification product wésned in pCR-4 vector (Invitrogen)
followed by various rounds of DNA-sequencing. Semas were assembled into a contig
of 4110 bp, which was named SW5-F. SW5-F codesafoopen reading frame of 1275
amino acids with a predicted molecular mass of KI3& and isoelectric point of 5.54. The
3’-untranslated region consists of 282 bp and g-adénylation signal is located 251
nucleotides downstream of the stop codon.

Searches in non-redundant-protein database usmdguth SW5-F sequence as
query revealed again a high similarity with tospas resistance gene homologues such as
Sw5-C (Genbank accession AAG31015; 88% amino amidasity), Sw5-A (AAG31013;
79% sim.), and Sw5-B (AAG31014; 78% sim.), root-knematode resistance gene Mi-1.2
(AAC32252; 50% sim.) anBlseudomonas syringae resistance gene PRF (AAC49408, 53%
sim.) (Table 1).

The structure of SW5-F protein displays all feaduref the coiled-coiled,
nucleotide binding (NB-ARC), and leucine-rich-rep€aRR) family of resistance genes
(Pan et al., 2000; Spassova et al., 2001) (Fig. S®W5-F is of approximately the same size
as Mi-1.2, SW5-A, SW5-B, SW-5C and SW5-D, while PAB24aa) includes a long N-
terminal extension of about 300 amino acids (Sadmext al., 1994). The C-terminal region
of SW5-F (amino acids 409-520) is predicted to focmiled-coil by COILS program
(Lupas et al., 1991) with window 14 as was also riegiofor SW5A and SW5B (Spassova
et al., 2001). However, the N-terminal region of ™% (amino acids 1-408) showed weak
homology with solanaceae domain (SD) as descrilyeMiticyn et al (2006). The central
NB-ARC domain contains all the conserved motifshsas kinase-la (P-loop) (583-592),
kinase-2 (654-666), kinase-3a (684-691), and HDdityhobic domain: 745-759) as
reported for all other resistance genes of NB-LRmRilfa(Meyers et al., 1999) (Fig. 3B). In
addition, the C-terminal region of SW5-F encoddsuzine-rich-repeat motif (LRR), very
similar in size with Sw5-A, Sw5-B, Sw5-C, Mi-1.20&PRF (Fig. 3C). SW5-F is predicted
to have 13 LRR-repeats largely following the conssrsequence LxxLxLxx (starting from
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amino acid position 939). The similarity percentafi€C, NB, and LRR domains of Sw5-
A, Sw5-B, Sw5-C with SW5-F is very high (61- 92%)here as, Mi-1.2 and PRF show
low similarity (21-30%) (Table 2).

Table 2: The sequence amino acid identity between SW5-Ftlamdest
matching homologs in the sequence database

% |dentity

CcC NB LRR
SW5A 68 78 61
SW5B 67 79 60
SW5C 92 89 63
Mi-1.2 21 44 30
PRF 17 45 26
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Figure 3. Analysis of SW5-F deduced protein structuke. Schematic domain structure of SW5-F (1275 a@). S
Solanaceae domain (1-408aa); CC, coiled-coil don{did®--520aa); NB-ARC domain (538-839aa); LRR,
Leucine-rich repeat region (892-1275aa), LRR’srapgesented a$ §. B. Comparison of central conserved NB-
ARC domain of SW5-F with Sw5-A (accession no. AABG3R3R), Sw5-B (AAG31014), Sw5-C (AAG31015), Mi-
1.2 (AAC32252), and Prf (AAC49408). Conserved Kmds (p-loop), kinase-2, kinase-3a and Hydophobic
domains (HD) are indicated. Displayed are amin@s&38-839 of SW5-FC. Comparison of LRR domain of
SW5-F with Sw5-A, Sw5-B, Sw5-C, Mi-1.2, and Prf.el'presence of thirteen imperfect Leucine-Rich Repiea

SWH5-F is indicated as consensus

sequence LxXLXLxx.
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SPRY SEC-19 tar gets the nucleolus of host cells

Due to the presence of an N-terminal signal pegtdsecretion, SPRYSEC-19 is likely to
be secreted into the cytoplasm of host cells dui@egling site initiation and maintenance.
Further inspection of the 69 residues between bigaptide and the SPRY domain in
SPRYSEC-19 using the algorithm PSORT Il predicte@qg8obability) that this domain
could target the protein to the nucleus of plariscdo test this, N- and C-terminal GFP
fusions were made for SPRYSEC-19 in pK7FWG2 and pkPR&, respectively, to assess
its subcellular targeting following heterologouspesssion in tobacco BY2 cells. The
predicted signal peptide for secretion was excludedthe constructs to avoid the
translocation of the fusion protein to the apopléstrepeated experiments both the C-
terminal and N-terminally GFP fused SPRYSEC-19 iaeal to the nucleus and nucleolus
of BY2 cells (Fig. 4A and B). Similar plasmid harbw GFP alone was used as a reference
for the localization of GFP in BY2 cells (Fig. 4C).

A B C

Figure 4A and B. Sub-cellular localization of SPRYSEC-19 in BY-2lls. C-terminal green
fluorescent protein (GFP) fusion of SPRYSEC-19 withsignal peptide for secretion localized into
nucleus and nucleolus of tobacco BY-2 cdllsSub-cellular localization of free GFP in BY-2Isel

Co-expression of SW5-F and SPRY SEC-19 evokes no hyper sensitive response
Various R genes of the NB-LRR class mediate a progred cell death after recognizing
pathogen-derived avirulence gene products. The yhe@dicts that the indirect or direct
recognition of pathogen effectors with avirulencévdty leads to the activation of disease
signaling pathways. We have used agroinfiltratiortest if SPRYSEC-19 recognition by
SW5-F conditions a hypersensitive responsél.imenthamiana leaves. Co-expression of
SPRYSEC and SW5-F under the control of the cauléiomosaic virus 35S promoter did
not result in a hypersensitive response. In additam-infiltration of SPRYSEC-19 with
either SW5-A, SW5-B and Gpa?2 did not lead to an iHR. benthamiana either. Co-
infiltration of PVX coat protein 105 and the R geRel as a control did produce a strong
and specific HR (data not shown).
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Discussion

In this study a combination of yeast-two-hybrid lgas andin vitro GST pull-down assays
showed a specific physical interaction of the nemateffector SPRYSEC-19 with the
LRR-region of the tospovirus resistance gene hom@yy5-F from tomato. SW5-F
belongs to the CC-NBS-LRR class of resistance gandshares significant similarity with
the tospovirus resistance gene SW5-B (Spassova,e20®1), the root-knot nematode
resistance gene Mi-1.2 (Milligan et al., 1998), d@hd Pseudomonas syringae resistance
gene PRF (Salmeron et al.,, 1994). In the genedoegmodel for disease recognition
specificity, R proteins activate a resistance rasppoften a hypersensitive response, only
when they detect the presence of specific patheffestors (Flor, 1971). At the outset of
our research, we tested if SPRYSEC-19-activated -BWbBonditions a typical
hypersensitive response. We found that transienexpoession of SW5-F and its
interacting nematode effector SPRYSEC-19 does rmiteea hypersensitive responseNin
benthamiana. In fact our previous work had already shown thatato plants over-
expressing nematode effector SPRYSEC-19 are fivestimore susceptible to nematodes,
fungi, and viruses than wild-type plants. Thuseems more likely that nematode-derived
effector SPRYSEC-19 promotes the virulence of nedestdn plants by modulating host
defense responses possibly through its interaetithSW5-F.

The plant parasitic nemato@obodera rostochiensis delivers the products of its
parasitism genes (effectors) directly into the hoedt cytoplasm through an oral stylet,
which essentially is the nematode’s equivalenthef hacterial type three secretion system.
In the last decade significant effort has beenctie to the identification and the functional
characterization of a range of nematode effectatdhe identity of their molecular targets
in plants has largely remained unknown (Qin et241Q0; Gao et al., 2001; Gao et al., 2003;
Huang et al., 2003). Similarly, a number of nematogsistance genes have been identified
from host plants but none of the corresponding iedeaeffectors have been identified at
present (Williamson and Kumar, 2006). SPRYSEC-18ighly expressed and secreted in
the early stages of parasitism, and the modulaifo8W5-F is likely to take place at the
onset of parasitism.

SPRYSEC-19 is a member of large family of protetossisting of a PRY-
SPRY/B30.2 domain and an N-terminal leader peptidsignal for secretion. SPRYSEC-
19 is most similar to the SPRY of human RanBP9 RietiBP10 and their functional
homologs in other organisms. RanBP9 (RanBPM) wesngiered as an interactor of Ran in
a yeast-two-hybrid screening. Overexpression ofdnuiRanBPM in a metazoan cell line
resulted in the distortion of the dynamic stabilifiymicrotubules (Nakamura et al., 1998;
Nishitani et al., 2001). SPRYSEC-19 does not intewdth either of the two Ran protein
cloned from tomato (data not shown). Nor does oymession of SPRYSEC-19 in tobacco
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BY-2 cells, harboring the microtubule associatedtgin 4 (MAP4) fused to GFP, lead to
an evident interference in microtubule organizafideta not shown).

In addition to its binding to Ran the SPRY domaas lheen shown to interact with
a variety of other proteins mostly involved in sding pathways, including several
receptor protein-tyrosine kinases. For example StARY domain of RanBP9 interacts with
MET, a RPTK for hepatocyte growth factor, which is atifunctional cytokine controlling
cell growth, morphogenesis, and motility (Wang &t 2002). Moreover, constitutive
expression of RanBP9 can further activate Ras-Erk-$Rthway, which is a crucial
component of the signaling of many other RPTK (Batkta and Lipschutz, 1999).
RanBPM also interacts through its SPRY domain wfité intracellular domain of the
neurotrophin receptor Trk (Yuan et al., 2006), whidien activated, initiates several signal
transduction pathways such as the MAPK- and thesgitnatidylinositol 3-kinase (P13K)
pathway (Huang et al., 2003). The SPRY domain ofB®an mediates the interaction
between RanBPM and human dectin-1 trans-membrampier isoform hDectin-1E (Xie
et al., 2006). The N-terminal part of RanBPM inchglithe SPRY domain is enough to
associate with neural cell adhesion molecule Llickviis known to activate extracellular
signal regulated kinase pathways (Cheng et al.5R0Burthermore, Denti et al. (2004)
demonstrated that RanBPM is phosphorylated withenSPRY domain at residue Thr320
both constitutively and in response to stress I kibase (Denti et al., 2004). Thr320 is
conserved within SPRY domains across species (humamnse, yeasC.elegans, Xenopus)
(Wang et al., 2002), including SPRYSEC-19 (datashatwn). It is not clear if SPRYSEC-
19 needs to be phosphorylated to be active asfect@fin host plants. Further studies are
required to investigate if phosphorylation at tlemserved threonines in SPRYSEC-19 is
required for the activation of its molecular taegm host cells.

Proteins containing SPRY domains have also beeticatgd in host pathogen
interactions in mammals, e.g. the tripartite-matibntaining protein TRIM&. The
architecture of TRIMB consists of ringer finger domain, a B box, a abiteiled region,
and a C-terminal SPRY domain (Freemont, 2000). M3rh from rhesus monkeys
mediates human immunodeficiency virus-1 restrictagnthe early post-entry and pre-
integration stage of the viral life cycle, wherdlas human ortholog of TRIMBh does not
(Yap et al., 2004). The specificity of the restactiis determined by a small number of
residues in the so-called surface A of the SPRY alorof TRIMSn. Even a single amino
acid mutation in SPRY (R332P) of human TRIMIS sufficient to restrict HIV-1 (Yap et
al., 2005). Furthermore, a comparative analysisshasvn that the residues in surface A of
TRIM5a orthologs undergo diversifying selection (Sawyeale 2005). The sites that are
predicted to constitute the surface A in SPRYSECai® also subject to diversifying
selection, and are believed to be pivotal fornteraction with the molecular targets in host
cells.
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NBS-LRR proteins mediate resistance following diiadirect molecular
detection of pathogen-derived elicitors, during ethithe LRR domain is involved in
determining recognition specificity (McHale et &006). We have shown that a nematode
effector, SPRYSEC-19, interacts bathvivo andin vitro with the seven C-terminal repeats
of the LRR-region of the tospovirus resistance ghonenologue SW5-F. Our finding
supports the hypothesis that the C-terminal path®fLRR domain of CC-NB-LLR type of
resistance proteins is involved in pathogen deiactSimilar, but indirect, evidence has
been found with Rx, which confers resistance agaiasous strains of potato virus X and
belongs to NBS-LRR class of R-genes including 15-LRépeats (Faruham and
Baulcombe, 2006). A mutation il RR (S516G) enhanced the activation function of Rx
whereas the mutation in #2.RR (N796D) and 14 LRR (N846D) resulted in altered
recognition specificity. Other supporting evidemas come from studies on R genes to the
rice blast fungusvagnaporthe grisae. The R-genes Pi2 and Piz-t, which are functional
alleles with only 8 amino acid differences in Catéral leucine rich repeats (LRR-11,-12,
and-13), confer resistance to different isolateMofyrisae. A reciprocal exchange of one
hydrophilic amino acid within the xxLxLxx motif of LRR1 between Pi2 and Piz-t did not
change the resistance specificity but, rather,isibedl the function of both resistance genes
(Zhou et al., 2006). Therefore, C-terminal LRR-repeseem to play a crucial role in
pathogen recognition.

In order to further elucidate the role of LRR agleterminant of recognition
specificity, we also tested the interaction of SFREC-19 with LRDs of various resistance
proteins of the NBS-LRR class in the yeast-two-hytssstem. We found that SPRYSEC-
19 interacts with the C-terminal LRR region of SWERR-SW5-F), but not with LRDs of
Rx, Gpa2, RPM1, RPS5, I-2, Mi-1.2, SW5A, and SWHEBt& not shown). Similarly, it has
been demonstrated that the flax rust R gene dlleormally interacts with six variants of
Avr567 (a, b, d, f, j, and I), but a chimerical L6éntaining 11 amino acids from LRD of
L11 (L6L11RV) only abrogated its interaction with A&7 variants (a, b, d, f, j, ) but
instead recognized Bsl1-derived Avr567-J (Doddd.£2@06).

Although many plant R proteins and the correspangiathogen effectors with
avirulence activity have been cloned, a directraxtdon has been documented for only a
few combinations. Rice expressing the Pi-ta genveldps a resistance response to strains
of rice blast fungudlagnoporthe grisea, expressing AVR-Pita in a gene-for-gene manner.
The LRD of Pita has also been shown to bind direbtih in vivo andin vitro with
AVRPIital76, which triggers the resistance respdh® (Jia et al., 2000)). Even a single
amino acid substitution either in AVRPItal76 or Rita-LRD not only abolished their
physical interaction but also lead to a loss ofstaace. A direct binding has also been
shown between the products of the tomato bactepatk resistance gene Pto and the
corresponding®seudomonas syringae effector AvrPto. Pto is a protein kinase that ez
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the CC-NB-LRR protein Prf to condition disease s&sice (Scofield et al., 1996; Tang et
al., 1996). Similarly, théArabidopsis thaliana resistance gene RRS1-R binds specifically
with effector molecule avrPop2 derived frdRalstonia solanacearum, the causal agent of
bacterial wilt, and confers broad-spectrum resistan various bacterial strains (Deslandes
et al., 2003). Likewise, the flaxLifum usitatissmum) R-genes L5, L6, and L7 interact
directly to the products of Avr567 genes derivaahfrvarious strains of the flax rust fungus
(Melampsora lini), and confer a resistance response to the furidodds et al., 2006). All
above mentioned examples of direct interactionsewdentified by a yeast-two-hybrid
system. Interestingly, the reciprocal combinatiohavr-Pital76 fused to the DNA binding
domain of GAL4 and LRD-Pita fused to the activatomain of GAL4 failed to interact in
yeast (Jia et al., 2000). Similarly, RRS1-R andPap? also failed to interact in a reciprocal
configuration in a yeast-two-hybrid analysis (Desles et al., 2003). We found interaction
between SPRYSEC-19 and LRR-SW5F in both reciprocaibamations, which may be
indicative for the strength of the interactionsktould be noted that full-length SW5-F did
not interact with SPRYSEC-19 in a yeast-two-hyboigeriment. Others have had similar
observations with full-length R proteins. For exdefull-length Pita failed to interact with
avrPital76, and full-length MLAG also failed to irdet with HYWRKY-1/2 (Jia et al.,
2000; Shen et al., 2007). The loss of binding tha complete proteins may be explained
by steric constraints, the lack of specific intand intra molecular interactions, or a size
limitation of the system.

The structure of the cloned SW5-F shows a high amai sequence identity (78-
88%) with five members from the SW5 R gene clusteomato, of which only SW5-B has
been implicated in TSWV resistance (Spassova e2@]). We tested if SW5-F confers
resistance to TSWV using agroinfiltration assayssiBtance gene homologs from a single
cluster can be directed against entirely diffeneathogens e.g., Rx and Gpa2 belong to
same gene cluster (sharing 86% amino acid iderttity)display resistance against potato
virus x and the parasitic nemato@e pallida, respectively (van der Vossen et al., 2000).
However, transient expression of SW5-F Nh benthamiana did not restrict TSWV
suggesting that SW5-F does not induce resistarai@stgospovirus (data not shown). One
could argue that the members of the SW5 R gengeclfrem tomato may not be functional
in N. benthamiana. However, in a recent paper Margaria et al. (20@&)e shown that
SW5-B is capable of inducing a HR kh benthamiana when co-expressed with its viral
avirulence gene, which makes this argument les$ylik

Most R-genes of the NB-LRR class trigger a hypeifigasresponse after
recognizing the corresponding avirulence gene proddé the pathogen. However, co-
expression of SPRYSEC-19 and SW5F Nn benthamiana leaves did not result in a
hypersensitive response. Potato plants harborie@W5-F gene are not resistant to potato
cyst nematodes, including nematodes expressin@BieYSEC-19. Given further that the
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tomato cultivar used for the yeast-two-hybrid aselys susceptible tG. rostochiensis, we
have no evidence that the interaction between SWHRE SPRYSEC-19 conditions
resistance to the nematodes. This data leads wsot@lternative models for the role of
SPRYSEC-19 and SW5F in nematode-plant interactibmshe first model, the physical
interaction between SPRYSEC-19 and SW5F is an ewohry intermediate. There is
evident binding between the two proteins but tlissdnot lead to the activation of disease
resistance signaling (anymore). Other R gene hagsotd SW5F may exist that both bind
and elicit a resistance response following therautiion with SPRYSEC-19. Alternatively,
other homologs of SPRYSEC-19 that also bind to SMY& do elicit a resistance response
may exist inG. rostochiensis. In our second model, SPRYSEC-19 hinds to SW5-F to
promote the virulence of the nematode by supprgdsist defense responses.

In order to test the first model, SPRYSEC-19 wase atsexpressed with SW5-A
and SW5-B inN. benthamiana. Although we cannot exclude that other genotypesale
SW5 homologs capable of triggering an HR when eggde SPRYSEC-19, none of the
combinations tested so far resulted in a hyperseasesponse. We have also co-expressed
other homologs of SPRYSEC-19 with SW5F, but thi$ ot result in an HR either. In
contrast, we found that potato plants overexprgsSRRYSEC-19 in the background of
SWH5F are supersusceptible to infective juvenilethefpotato cyst nematode. In our second
model, SPRYSEC-19 modulates or suppresses innat@nity in host plants through its
interaction with the CC-NBS-LRR protein SW5-F. Fertliranscriptome analysis of plants
co-expressing SW5-F and SPRYSEC-19 will shed lighttloe molecular mechanism
underlying our observations, and may further eshldh causal relationship between the
physical interaction of SW5-F and SPRYSEC-19 andmgsion of innate immunity in
host plants.

Recent studies have shown that bacterial effecfin@mote virulence by
suppressing PAMP-triggered immunity and that tlfeat is prevented by CC-NB-LRR
type R-proteins. Shen et al. (2007) showed thatathirilence gene A10 froBlumeria
graminis induces the CC-NBS-LRR R protein MLA to localizett@ nucleus to interact
with WRKY1/2 transcription factors. This nucleattéraction results in de-repression of
PAMP-triggered basal defense. Over-expression oVRKY1/2 in leaf epidermal cells
resulted in hypersusceptibility td®. graminis, whereas, silencing of HVWRKY1/2
heightened resistance to various isolateB.gfaminis (Shen et al., 2007). That the nucleus
in host cells is part of the battlefield in molemuplant-pathogen interactions is becoming
more evident with the findings of other groups adlwPop2 is a bacterial effector from
Ralstonia solanacearum and possesses a full NLS on its N-terminus, andRiprotein
RRS1-R localizes to nucleus in a Pop2-dependennerafDeslandes et al., 2003). We
also found that SPRYSEC-19 possesses an N-termiciar localization signal, and that
GFP-fused SPRYSEC-19 indeed localizes to the nueledshucleolus when expressed in
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tobacco BY2 cells. Further work is required to isigate if the SW5-F protein has a

nuclear localization, if such a nuclear localizatie dependent on SPRYSEC-19, and if a
co-localization in the nucleus leads to transavipei regulation of factors involved in basal

defense responses.
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Chapter 6

Introduction

Plant-parasitic nematodes have evolved complexioakhip with their host plants, which
involves the re-differentiation of root cells ingpecialized feeding structures. Nematodes
secrete a whole repertoire of effector moleculebring about these changes in the host
cells. The overall objective of this thesis was twdg members of the SPRYSEC gene
family including their role as effectors in plarafpsitism. This thesis essentially breaks
down in two parts. The first part is more methodaabin which we describe our efforts to
develop procedures to knock-down genes in the @otatst nematode with RNA
interference (RNAI) to study their importance irrgtism. Where as, the second part of
this thesis describes the discovery of the SPRY Sé&@ gamily and their role as nematode
effectors in plant-parasitism.

The evidence from the gene knock-downs is importast the associated
phenotypes may provide leads to the disease simgnalathways in plant-parasitism. In
chapters 2 and 3, we used nematode cellulasesttouemethods anticipating that knock-
downs of cellulases would give an easily observalienotype. Previously, it had been
shown that these nematode cellulases are involvétkiintracellular migration (Chen et al.
2005). The phenotype we expected to observe wdsafiraduced infectivity (chapter 2),
which could be explained by reduced root penetmatiochapter 3). To knock-down
cellulases, the nematodes were soaked in a higinlgentrated solution of double stranded
RNA, which was designed on the sequence of thetagne. Significantly reduced levels
of target transcripts were achieved by this scedaoaking method, as well significant
phenotypes. The soaking method was developed <oitttmuld be used to test the
importance of the SPRYSEC gene family in nematodasit#ésm. And, if it proved to be
significant, to provide clues on the role of the RMSECs by deduction from an
informative phenotype. Unfortunately, for the SPRE(CS, and as well as many other
genes, the soaking method for knocking-down geeesis not adequate enough to provide
a phenotype. In this chapter we will further discubese findings, and provide a
perspective on future use of RNAI in plant-parasigmatodes.

Functional analysis of nematode genes by RNA interference

Previously the functional analysis of parasitisrmege was hindered because the plant-
parasitic nematodes were refractory to geneticsfommation. As a consequence, and in
contrast to the free-living bacterivorus nemat@aenorhabditis elegans, it has proven not
feasible to acquire gene knock-outs by transfonatFor long, it was thought that the
information fromC. elegans genes, and corresponding mutants, could be usaddaire
more insight in the function of homologs from plgpatrasitic nematodes. However, the vast
majority of parasitism genes have no match in theoge ofC. elegans. And, therefore,
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for only a small number of parasitism genes therani informative phenotype available in
C. elegans (Gao et al. 2003). For instance, the SPRYSECs destin this thesis have no
match in the genome @f. elegans.

The discovery of dsRNA mediated transient suppressid endogenous
homologous transcripts has been instrumental ictifoimal genomics of many eukaryotes.
The mechanism of this phenomenon and the differéiRpathways are particular well
studied inC. elegans. In short, inC. elegans there is genetic evidence for at least three
distinct pathways. First, a ribonuclease Dicer wsadsRNA into small interfering RNA
(siRNA) which leads to specific degradation of &#trmRNA. A second pathway facilitates
the systemic spread of dsSRNA molecules. And lastet is evidence for an amplification
pathway in which siRNA separates into two singlarst RNA molecules that bind to the
target sequence and serves as primer for the RNvendkent RNA Polymerase, which
amplifies the target RNA (Plasterk, 2002; Kuznet2803).

A breakthrough for the field of nematode-plant iat¢ions was the finding that
genes inC. elegans could be silenced by feeding nematodes on baat&peessing dsRNA
or simply by soaking worms in dsRNA (Fire et al98% For, if feeding dsRNA to free-
living nematodes could yield a transient but siigaifit reduction in gene expression, the
same may hold true for plant-parasitic nematoddsila\C. elegans readily takes up food
in vitro this is not the case for the obligate biotropHanpparasitic nematodes, especially
the sedentary plant parasites. Thus, feeding beh@vjmant-parasitic nematodes either had
to be induced chemically or dsSRNA needed to bevdedd through the host plant on which
the nematode naturally feed.

Gene knock-down by soaking in dsRNA

Various chemical compounds are known to affect yigeal pumping in nematodes which
is associated with the release of esophageal gdancktions and, more importantly, the
uptake of fluids (Urwin et al. 2000; Rosso et &l02; Chen et al. 2005). In chapter 2 and 3,
we have shown thah vitro uptake of dsRNA by nematodes can be induced when t
nematodes are exposed to highly concentrated a@olutif dsRNA, including the
neurotransmitter octopamine. In this procedure riedes are essentially soaked in a buffer
with milligram amounts of dsRNA and are forcedngast the buffer including the dsRNA
for a few hours. Thereafter, the nematodes aresfeaed to the roots of host plants to
assess the importance of the gene targeted bystRBAl by the loss of infectivity of the
nematodes.
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Potato cyst nematodes secrete a whole repertoicelbtvall degrading enzymes
to facilitate their intracellular migration in th®st (Smant et al. 1998; Popeijus et al. 2000).
We selected cell wall degrading enzymes as ourtfirgets for RNAi because of their high
expression in pre-parasitic J2s and because aeddility to penetrate a root is an easily
noticeable phenotype. We found that exposure tdNdsBesigned on the sequence of Gr-
eng-1 resulted in reduced transcript levels of atreng-1 and its close homolog Gr-eng-
2. As a further off-target effect transcript levedé Gr-eng-3 and Gr-eng-4 were also
affected by this dsRNA.

In C. elegans dsRNA is chopped up in small interfering RNAs (8i&s) of 21-23
nucleotides by the endo-nucleateer and these siRNAs in turn associate with and atetiva
the RISC complex (RNA induced silencing complexieTactivated RISC complex then
screens and degrades specifically homologous mRizN&irgy 100% homology with the
sequence of the siRNA (Plasterk, 2002). Despiteldlok of any evidence that the full
RNAI pathways are present in plant-parasitic nehegoit is likely that the siRNAs are the
causal agents in the transcript suppression iretpént-parasites too. Gr-eng-1 and Gr-
eng-2 share 72% nucleic acid identity including ynaimetches of more than 23 nucleotides
long with 100% identity. It was therefore not apige that dsRNA designed on Gr-eng-1
has an off-target effect on transcripts of Gr-en@2eng-3 and Gr-eng-4 are only less than
44% identical to Gr-eng-1 and Gr-eng-2 with onleatretch of 14 nucleotides long with
100% identity, which makes it more difficult to dam this off-target knock-down by a
homologous siRNA. In a recent paper, Rual et aD{2@oncluded that off-target effects
may occur in mRNA with >95% identity to the dsRNx#eo 40 nucleotides.

Off-target effects have significant implications the use of RNAI, especially in
organisms for which there is no full genome seqaenailable. Any dsRNA believed to be
specific for a single gene may result in a reductad transcripts of related, but yet
unknown, genes or of unrelated genes that havehbgoe a short stretch with sequence
identity to the primary target gene. Database $esravith the sequence of the dsRNA for
potential overlapping sequences in other genes nealyice, but cannot completely
eliminate, the risk of off-targets. Some cautiorowdd therefore be exercised when
interpreting an RNAI phenotype in plant-parasitematodes. In chapter 2, we found a
reduced infectivity of the potato cyst nematodekbgcking-down a cellulase. In chapter 3,
we tried to monitor the penetration process to fitukes in the behavior of the dsRNA-
treated nematodes that could explain the redudedtivity. We found that the dsRNA-
treated nematodes were not able to get into this aragot stuck after breaking down a few
cell layers. Thus, close inspection of nematodetplateraction with dsRNA-treated
nematodes such as for instance studying feediegnsitrphology might be an anticipated
link between a knocked-down gene and a phenotyge tnastworthy. Further confidence
in dsRNA phenotypes can be achieved by complengraiknocked-down gene in the
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nematode by overexpressing that same nematodeigenbost plant. However, this may
not be feasible for nematode genes whose overesiprehave a profound effect on the
constitution of the plant.

At present, the importance of several genes has bealyzed by soaking the
plant-parasitic nematodes in dsRNA. However, mabotatories have reported that the
soaking method seems to work for certain geneslewdther putative parasitism genes
seem refractory to RNAI by this method. Extensivéadaom RNAI in C. elegans has
identified variables which affect the efficiency dSRNA mediated RNAi, but such
variables are just beginning to become clear fantparasitic nematodes. In brief, factors
that influence RNAI in plant parasites are the taraf target dSRNA fragment, topology of
the fragment, incubation time, duration of silegcend the target tissue. At least for Gr-
eng-3/eng-4, we found that dsRNA designed on either5’ or 3’-end of the target
sequence did not make a significant differenceh@lgh, long dsRNA molecules (~600
bp) were more effective than shorter fragments (tpOand 300 bp). However, in the
gastrointestinal parasitic nematode chostrongylus colubriformis a 22 bp siRNA was
shown to be far more efficient than the longer d8RiNinducing RNAI (Issa et al. 2005).
The direct application of siRNA to plant-parasitienmatodes has not been reported so far.
However, it will be a valuable exercise to testN#Ron plant-parasitic nematodes because
it may prove to be more efficient than dsRNA, andwill also show if the dsRNA
processing in the nematodes is required to achéffieient RNAi in plant-parasitic
nematodes.

The first report of RNAI in plant-parasitic nematedsuggested that soaking in
dsRNA for 4 h would be sufficient to achieve RNAigenes in the potato cyst nematode
G. pallida (Urwin et al. 2002). We found that an incubationet in dsRNA for at least 24 h
was of particular importance to achieve RNAQnrostostochiensis. We further discovered
that longer incubation in the highly concentrateBRNA of Gr-eng-3 (~40 hours) was more
effective than 24 hours soaking. We have also aelien knock-down of SRPYSEC-19
only after at least 40 h soaking in dsRNA. Experitaemith the root-knot nematodd.
incognita suggest that for this nematode species and the tpat was being targeted an
incubation in dsRNA for 4 h was sufficient tooskems, therefore, that the species of the
nematode, and the gene which is targeted by th&lAskfay both determine the minimal
incubation time required to achieve RNAI.

The longevity of the RNAI in plant-parasitic nematoalso seems to depend on
various factors. Rosso et al (2005), soaked thekoat nematodé. incognita in dsRNA
to calreticulin (Mi-crt) and a polygalacturonasei{dg-1) to find that the knock-down was
optimal 20 hours and 44 hours after the soakiratiment respectively. But, for both genes
they found that the transcripts regained their radriavels 68 hours after treatment. In
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contrast, Urwin et al. (2002) showed reduced trapistevels of the major sperm protein

Gp-msp for 14 days post treatment. And, Bakhetial €2007) showed that the levels of a
cellulase mMRNA were back at normal levels beyondlags post treatment in dsRNA. It

needs further investigation to see if the variooagkvities observed for RNAi are

correlated with the tissue in which the target gsnexpressed, its transcript level at the
time of treatment, and the turnover rate of thegcaipts of the target gene.

A further complicating factor in these studieshis storage capacity for proteins in
the nematodes. Esophageal gland secretions areseggrand stored in secretory granules
in the gland cells well ahead of the anticipateadetiof their deployment by the nematode.
In spite of a profound effect on the transcriptelevm dsRNA treated nematodes, this may
not translate in reduced levels of proteins. Weehagpeatedly shown a significant
reduction in cellulase transcripts in dsRNA-treatedhatodes, but in none of these samples
we have been able to show reduced protein levelgelis Rosso et al (2005) have made
similar observations for the Mi-pg-1 geneNhincognita. If, therefore, the storage capacity
for secretory proteins last long enough such thapproaches the time when the mRNA
expression recovers from the dsRNA treatment therattual window for RNAI to achieve
a phenotype may be small.

We conclude that RNAI by soaking in dsRNA is a wadlle tool for studying
nematode genes that are suspected to be involvpdrasitism. However, because of the
transitory nature of the RNAI following dsRNA by adng in these nematodes, its use
should be limited to the early stages of parasitifmstudy genes throughout the parasitic
cycle of the nematode, including later parasitages, a continuous exposure to dsRNA to
nematodes is more appropriate. In the next sectenwill discuss a second approach to
achieve RNAI in plant-parasitic nematodes by a iooius exposure to host-generated
dsRNA.

Gene knock-down by host generated dsRNA

A short exposure to dsRNA seems to induce a t@ysiRNAI in plant-parasitic
nematodes. This phenomenon makes the RNAI by soaBiegparasitic juveniles in
dsRNA of limited value for genes with constitutiexpression and for genes expressed later
in the parasitic cycle. In order to achieve a camtstdelivery of dsRNA to the feeding
nematode, we (chapter 4) and others have enginparts such that they express dsRNA
molecules to nematode genes. Even if target mRN#tiexpressed in the pre-invasive J2
stage, constitutive expression of dsRNA/siRNAs hese transgenic plants may ensure
depletion of target transcripts in later stagesiunber of potato plants expressing dsRNA
to SPRYSEC-19 and SPRYSEC-15 appeared to show aogevehtal arrest of infecting

145



General discussion

potato cyst nematodes. However, in clonal offspohthese plants made by stem cuttings
from the primary transformants we have not beea abteproduce this phenotype.

Since 2006, three groups have reported reducedtivifg of nematodes by
expressing dsRNA in host plants. Huang et al. (2)@6owed that transgenmcabidopsis
thaliana plants expressing dsRNA to tiv. incognita gene 16D10 resulted in 69-92%
reduction in egg count with an overall suppressibnematode development by 74-81% as
compared to control plants. The 16D10 gene encodesserved secretory peptide in four
root knot nematode specieM.(incognita, M. arenaria, M. javanica, and M. hapla).
Overexpression of this peptide in plants stimulatest growth, and molecular analysis
suggests that it acts as ligand for a SCARECROW!Hlizascription factor (Huang et al.
2006b). Huang was able to show the presence of AR transgenic plants, and a
significant correlation was observed between lew#ISIRNAs and nematode resistance.
Unfortunately, the authors did not show a furtherrelation with a reduction in target
mMRNA in the nematodes.

Yadav et al. (2003) followed a somewhat differgmpr@ach and demonstrated that
transgenic tobacco lines expressing dsRNA to haemkg genes oM. incognita
provided effective resistance against root knot atestes. Remarkably, in this paper
nematodes recovered from these transgenic plahisieed a knock-down of both integrase
and splicing factor mRNA, which were targeted irs taxperiment. Similarly, nematodes
feeding on transgenic tobacco expressing dsRNA {did¥l, a zinc finger type
transcription factor expressed in eggs and eggduping females, showed depletion of
target transcript in these stages although it ditl nesult in a significant decrease in
fecundity or egg hatching rate (Fairbairn et aD20

Most of the reports of successful application o$thaelivered dsRNA to achieve
RNAI in plant-parasitic nematodes involved root-knematodes. While many laboratories
working with cyst nematodes have failed to achigigilar outcomes for these parasites. It
is possible that elements in the biology of thet oysnatodes preclude uptake of dsRNA or
siRNA from host plants. For instance, root-knatagodes and cyst nematode are different
in size exclusion limit of stylet orifice. It hasén observed that cyst nematodes (ke
pallida andH. schachtii do not ingest dsRNA efficiently, whilll. incognita readily took
up the molecules (Bakhetia et al. 2005). It is olgar if the RNAi by host-delivered
dsRNA is conditioned by the uptake of dsRNA molesubr by the uptake of plant-
generated siRNA. Root-knot nematodes and cyst metfaatmay differ in the susceptibility
to siRNA or may differ in their processing abilit§ dSRNA. Alternatively, the promoters
that have been used to control dsRNA expression lmasegulated differently in feeding
sites of root-knot nematodes and cyst-nematodeseTissues, along with many more that
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could be speculated on, underline the need toifizifurther investigation on the RNAI
pathways in root-knot nematodes and cyst nematodes.

In principle, host-delivered RNA interference trgggd silencing of genes in plant-
parasitic nematodes may prove to be a novel diseasistance strategy with wide
biotechnological applications. Bioengineering crapth dsRNA to genes of nematodes
can disrupt the parasitic process and therefordshgteat promise to develop resistant
crops against plant-parasitic nematodes. It has lmeygested that multi-component
dsRNA targeting of two or more genes can furtherdase the efficacy of RNAI in a
parasite.

SPRY SEC proteinsfrom G. rostochiensis act as effectorsin plants

The second part of this thesis describes the disgafethe SPRYSEC gene family and
their role as nematode effectors in plant parasiti¥he SPRYSECs constitute a large
family of secreted proteins, consisting only of 30B/SPRY domain and a signal peptide
for secretion. Their specific expression patternthe esophageal glands of infective
nematodes and their predicted secretion from thkesels made them interesting candidates
as potential effector molecules. In order to dertranes that the SPRYSECs indeed have a
role as effectors, we challenged transgenic pqikatots overexpressing SPRYSEC-19 with
nematodes. These transgenic plants did not showbarraat overall morphology, but
appeared to be three-to-five time more susceptibfeematodes than wild-type and empty-
vector plants. Remarkably, these same potato s also found to be supersusceptible
to the fungal pathogeNerticillium dahliae, and to tomato spotted wilt virus (TSWV).
Based on these finding we concluded that SPRY SEt&é&eres with disease signaling in
plants such that it promotes the virulence of diegrathogens.

The question that immediately arises from theserghtens is how a SPRYSEC
is able to improve the fitness of such unrelatetthggens. The life histories of each of the
pathogens in our experiment are essentially cogagiwhole spectrunt. rostochiensis is
a sedentary biotroph that feeds for weeks fromghlhiadvanced and structured feeding
cell complex in the roots. The fungug, dahliae, is a soil-born vascular pathogen that
induces chlorosis, necrosis, and wilt in infectéahfs (Fradin and Thomma, 2006). Rapid
colonization by the fungus leads to complete detation of the plants within weeks. The
biology of the tomato spotted wilt virus (TSWV), tvia complete intracellular lifecycle
inside living cells, adds more color to this blgdé Avila et al. 1992). Summarizing, there
is no clear similarity between the three pathogémstheir invasion, feeding, and
reproduction behavior. This implicates that SPRYSEQi#ely modulates a part of the
disease-signaling pathways that controls a genersponse affecting many different
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pathogens, which leaves only a few options of whiAMP-triggered immunity has
become our prime candidate.

We have not been able to investigate the molecoiachanism behind the
phenotype of SPRYSEC-19 in plants any further expemtally within the framework of
this thesis. However, the phenomenon describedealppears not to be unique for the
nematode effector SPRYSEC-19, and below we waexpore parallels in the literature to
construe testable hypotheses for future research.

Suppression of PAM P-triggered immunity in plants

In principle, PAMP recognition by specific extrdoédr receptors leads to activation of
MAPK-signaling, accumulation of ROS, cell wall-bdsdefenses, and the activation of
defense related genes to prevent pathogens insgrg@iones and Dangl, 2006). The
suppression of such basal defense responses hasrdymted for a range of bacterial
effectors.Pseudomonas syringae and Xanthomonas campestris use a type three secretion
system (TTSS) as a molecular syringe to inject effectolecules into host cells. Tiep-
gene cluster in these bacteria codes for compongthe TTSS. Consequentiyyp
mutants are unable to multiply on susceptible hagltéch demonstrates the importance of
TTSS effectors (Brown et al., 1995). Overexpressibthe bacterial effector AvrPto in
plants represses genes encoding proteins invoiveeli wall fortification (e.g. extensins)
and defense-related proteins. AvrPto overexpressi@tants also restores the virulence of
hrp mutant bacteria, which are normally blocked byalaed callose depositions. The
exact mechanism behind this is not entirely undedstbut AvrPto interacts with two Ras-
related Rab proteins which are involved in vesicutafficking. Vesicle trafficking is
required for callose deposition as well for othaestgins involved in extra-cellular defense
(Hauck et al., 2003). Callose deposition in nemaiplant interactions takes place at the
cell wall of the initial feeding cell around the rfgations made by the stylet of the
nematodes. It is not known if resistance to nemesdd associated with increased callose
depositions, for this has not been studied in gdedhil. But, since the cell wall-based
defenses are crucial elements in PAMP-triggeradunity (PTI) in other pathosystems, it
is likely to contribute to immunity to nematodeswasll. A comparative analysis of the
feeding cell structure, including a callose stagninn wild type plants and plants
overexpressing SPRYSEC-19 may shed light on thenpaterole of cell wall based
defenses in the phenotype associated with SPRYSERdlants.

While cell wall based defenses are also involvefiingal infections, this may not
hold true for virus-plant interactions. Given tf&PRYSEC-19 overexpression in potato
affects virus infections, SPRYSEC-19 likely modutatether processes in the host cells.
Bacteria have also evolved effector activities toange of different processes that are
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sometimes not mutually exclusive. AvrPtoB overespien in plants, for instance,
repressed the cell death response initiated byawteto, by Cf9/avrCf9, and by the pro
apoptopic mouse protein Bax (Abramovitch et alQ20de Torres et al., 2006). Likewise,
AvrPphEpto, HopPtoE, and HopPtoF suppressed hostnskefeby suppressing the
expression of pathogenicity-related proteins sicRR1 (Jamir et al., 2004). To investigate
what other mechanisms may explain the phenotyp8RRYSEC-19 overexpression, the
impact of SPRYSEC-19 expression on the hyperseitgit@sponse induced by a range of
cognate R and avirulence genes should be studiethefmore, it will be informative to
analyze PTI signaling pathways in infected plantsrexpressing SPRYSEC-19 and wild
type plants. Similarly, plants overexpressing SPRE¥S9 could be challenged with
bacterial flagellin, a potent inducer of PAMP trgggd immunity, to see if in contrast to
wild type plants specific pathways are not beingyated (Navarro et al. 2004).

The molecular targets of SPRYSECs

In chapter 5, we used the yeast-two-hybrid metloodiéntify the molecular targets of the
SPRYSECs in host cells, for we believed that thatitleof these interactors could provide
us insight in the signaling pathways involved ie fthenotype of the SPRYSECSs. To this
purpose, SPRYSEC-19 was used as bait to fish feraaoting proteins in a tomato root
cDNA library under high stringency conditions. Thetential interactors from the yeast-
two-hybrid screening were subsequently validateth vBST-pull down assay. In these
experiments, we found that SPRYSEC-19 physicallpaates with the C-terminal part of
the leucine rich repeat domain of a CC-NB-LRR protgmed by us SW5F. SW5F most
likely belongs to the SW5 resistance gene clusttr significant similarities to a range of
other Solanaceous NB-LRR genes. These NB-LRR protagdiate a resistant response,
following direct/indirect recognition of pathogeesied elicitors, which often leads to
rapid programmed cell death (hyper sensitive resppriWe also tested if SPRYSEC-15
interacts with the C-terminal part of the LRR domafrSW5F, and found no evidence for
an interaction. SPRYSEC-15 was also used as baicrieen the cDNA library using the
same conditions as for SPRYSEC-19. However, nortbeoinitial interactors in this latter
screen passed our selection criteria.

To date, a physical interaction between an R pradeith a pathogen effector is
found only in three other cases, i.e. between ARit®ita, L/AvrL567, and PopP2/RRS-1
(Jia et al., 2000; Deslandes et al., 2003; Dodasd. £2006). All three examples mentioned
above are classical Avr and R gene interactionsled in effector triggered immunity
(ETI). Bacterial flagellin interacts with the leucin&ch repeat transmembrane kinase
receptor protein FLS2. Flagellin reception resint® AMP-triggered immunity (PTI) to the
bacteria in plants (Gomez-Gomez and Boller, 2082)cent study on the CC-NBS-LRR
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protein MLA and the corresponding avirulence gen) Arom Blumeria graminis has
provided a link between PTI and ETI. Shen et al0f@0showed nuclear localization of
MLA in an A10 dependent manner, where it interadth WRKY1/2 transcription factors
to de-repress the PTI. Thus, R-gene associatidm pethogen derived elicitors could alter
host plant resistance responses by modulating igesivof negative regulators of basal
immunity.

Does SPRYSEC suppression of basal defenses require the NB-LRR protein
SW5F

It is likely that SPRYSEC-19 is somehow able to mathuthe defense responses to a
diverse panel of pathogens. And, we have providedeace for a physical interaction
between SPRYSEC-19 and the NB-LRR protein SW5F. Eutasearch will have to
resolve if both observations are causally related two functionally independent
phenomena. As was discussed in chapter 5, SPRYSHE®Gt18 be an interactor that has
either not yet acquired avirulence activity or listavirulence activity. Alleles may exist in
nematode populations that both bind to SW5F anddad resistant response. Similarly,
orthologs of SW5F in potato and tomato may havewedbto both bind SPRYSEC-19 and
activate a disease-resistance signaling pathwalgeiEitay, SPRYSEC-19 and SW5F can
be evolutionary intermediates approaching on omadam from a classical gene-for-gene
relationship.

When the latter scenario is not true, then SPRYSg&@y develop its phenotype
through its interaction with SW5F. In this contragtscenario, binding of SPRYSEC-19 to
SW5F leads to suppression rather than activatiomisdase-resistance pathways. This
would implicate that a NB-LRR protein acts as kegutator in the PAMP-triggered
immunity of plants. There is an increasing bodyitlence that such key regulators exist,
but none of currently known regulators belongstte NB-LRR class of proteins. For
instance, RIN4 is a negative regulator of basatnlef and bacterial effectors (AvrRpm1,
AvrRpt2) induced perturbations of RIN4 are well doented (Mackey et al., 2002; Axtel
and Staskawicz, 2003; Kim et al., 2005). In ordetest if SW5F, RIN4 alike, is a key
regulator of disease resistance signaling, plaatkihg SW5F or in which SW5F is
silenced, should be challenged with nematodes,ifuargl viruses to assess its effect on
disease development. Then, overexpression of SPRYISE@-these same plants will
further resolve if the phenotype of SPRYSEC-19 issB\lependent.
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A testable model for SPRY SECs modulation of molecular targetsin host cells

It is likely that the SPRYSECs from nematodes irtdevath molecular targets in host cells
to modulate their activity. The next question tha¢ds to be addressed is how SPRYSECs
modulate the activity of host proteins. Three-disienal structure modeling revealed the
presence of a C-terminal helical structure angiller the SPRY domain in some of the
SPRYSECs. In GUSTAVUS, the protein that was use@ asodeling template for the
SPRYSECSs, this helical structure is annotated asB@eébox. The BC box in SPRY
containing SOCS bhox protein like GUSTAVUS is a ¢alielement in the ubiquitin-
proteasome system. In chapter 4, we proposed alrtwateexplains SPRYSEC-induced
modulation of the host proteins by ubiquitylatidrhe concept of modifying host protein
activity by ubiquitylation seems thus to be usedchgt nematodes in more than one way
(Davis et al, 2004).

Protein degradation by the ubiquitylation involvike covalent attachment of
ubiquitin (Ub) molecules to substrate proteins hg tonsecutive activities of the Ub
activating enzyme E1, the Ub conjugating enzyme B#8, b ligase E3. The degradation
of ubiquitylated proteins takes place by protedyini the 26S proteasome. The specificity
of ubiquitin-proteasome system-mediated proteolysisletermined by the E3 ubiquitin
ligases, which harbor various interacting domawiag as docking points for particular
substrates (Varshavsky, 1991; Willems et al. 20Békently, the effector protein AvrPtoB
from Pseudomonas syringae was shown to have E3 ubiquitin ligase activityitro, which
was required for suppression of plant immunity @weck et al. 2007). Rosebrock et al
(2007) showed that AvrPtoB E3 ligase actually ulidates Fen, which leads to a
proteasome dependent degradation of the Fen prdteiomato plants expressing Fen this
degradation results in disease susceptibility. TRRBSSECs do not have a structural
similarity to E3 ubiquitin ligases. However, theyyract as an adaptor to provide substrate
specificity to other E3 ubiquitin complexes.

To date, several multiprotein complexes with E3 dgtihave been identified
(Reviewed in Schwechheimer, 2004). For instankplSCullin-F-box (SCF) E3 ubiquitin
ligases belong to the RING ubiquitin ligase famdiaracterized by an invariant core
composed of Skpl linker protein, scaffolding pnet€ullin, RING finger protein Rocl
(Rbx1) and E2-enzyme. The C-terminus of F-box pnstés highly variable harboring
specific protein-protein interaction domains. SKpiks the substrate containing F-box
adaptor protein to the core catalytic unit contagnRoc1l-E2 enzyme, which catalyses the
transfer of Ub-moieties to bound substrate (Willezhsl. 2004). Analogous to this SCF-
ligase complex, in ElonginB/C-Cullin-SOCS-box (ECS) lijase complex, the SOCS-box
couples via the BC box substrates to core compenanthe E3-ligase complex (Elongin
B/C-Cullin-Roc1)(Fig. 1). Structural analysis of E€8mplexes revealed that Cullin serves
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as scaffolding protein and that it positions theC8&zbox containing substrate conjugate
and E2 for efficient transfer of ubiquitin moietigsthe substrate. The BC box is important
component of SOCS-box, which uses the Elongin- Bf@iodimer as a bridge to connect
to an E3-complex for ubiquitylation (Kile et al.@®). Similarly, the BC box in SPRYSECs
may be used to bind elongin C (and thereby eloBgiand to link up with an E3 ubiquitin
ligase complex. In our model the SPRY domain bitadsnolecular targets in host cells,
while the BC box targets the bound SPRYSEC/hoseprdb E3 ubiquitin ligase complex
for ubiquitylation and subsequent proteolysis ey photeasome.

(b)

Host cell targat (SWSF)

Figure 1.Comparison of the structure of ECS-type E3 ubiguiigase with EC-SPRY mediated host proteins
ubiquitination model. a) SOCS box binds via its Bé&x (S) with core components of E3 complex: eloadnand C,
the cullin 2/5, and RING-finger protein Rocl whidlcks ubiquitin conjugating enzyme E2. Ubiquitirtieating
enzyme (E1) activates ubiquitin (Ub). b) SPRYSEG@dbivia its BC box (S) with elonginc BC, which isumd to
Cullin-Roc1-E2. Both ECS and EC-SPRY contain suattetrecognition motif (orange). SOCS-1 (a) intezaegith
JAK depending upon post-translational modificatiaere as, SPRYSEC interacts with host cell ta(§#¥¢5F). In
the next step, the coordinated activities of E1 B&dmediate transfer of ubiquitin moieties on ciysteresidue of
target protein (JAK or SW5F), catalyzed by ubiquitgase (E3). Abbreviations: ECS, elongin-C-cuBOCS-box;
JAK, Janus kinase; EC-SPRY, elongin-C-cullin-SPRB®CS, suppressor of cytokine signaling.
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In chapter 4, we have shown that SPRYSEC is a lgege family comprising of
at least 22 members. For each family member we baea able to find several variants
suggesting that nematodes inject many different YSSBECs into host cells. Remote
homology modeling revealed that SPRY domains in BHIRCs adopt a novel fold
consisting of a distorted compact 3-sandwich corenéd by two anti-parallel 3 sheets
which are connected with variable loops (Figure gquence conservations among
SPRYSECs are confined to the 3-strands. Most ofdinations in sequence and in length
are in the loop regions. Some of the amino acidssih these loop regions are under
diversifying selection. The core structure of SPEY¥mains is reminiscent to that of
immunoglobulins, which also comprises a -sandvi@med from two anti-parallel 3-
sheets (Fig. 2). The antigen binding specificity imimunoglobulins is determined by
sequence and length variations in three hyper igri@op regions. These variations in the
loop regions provide immunoglobulins the capaaitypind an incredible large number of
antigens ( Alberts et al. 2004). Similarly, we beé that potato cyst nematodes use the
SPRY domain in SPRYSECs as a versatile framework tié capacity to create large
binding varieties to various host proteins. WitleitrBC box the SPRYSECs are able to
direct a wide range of bound host proteins to amliguitin ligase complex for proteolysis
by the proteasome.

= =% hypervaria
f’f’ \ Irs:lupb
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Figure 2. Comparison of 1gG and SPRY fold. Hypervarialegs in IgG are shown in red. For SPRY
fold loops are indicated as grey color and surfaeed BC box are also visible.
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Summary

Plant-parasitic nematodes inject a full repertoire of effector molecules into host cells. These
effectors are largely being produced in the esophageal glands of the nematodes. Delivery of
the effectors into the host cells occur through the oral stylet of the nematode. For the
majority of effectors it is not known what their role in nematode-plant interactions is.
However, they are believed to be required for host invasion, feeding cell formation, and
evasion and suppression of host innate immunity. This thesis describes the identification
and characterization of a novel group of nematode effectors from the potato cyst nematode
Globodera rostochiensis, which we named the SPRY SECs.

The thesis essentially breaks down into two parts. To better understand the role of
the SPRY SECs in nematode-plant interactions, we first developed a method to use RNA
interference in the potato cyst nematode G. rostochiensis. Chapters 2 and 3 report on our
attempts to achieve a transient suppression of mRNA coding for nematode effectors in G.
rostochiensis. Severa papers had described earlier the use of RNA interference in
nematodes by soaking the worms in highly concentrated solution of dsRNA. However,
these experiments were done with the free-living nematode species Caenorhabditis
elegans, which naturally feeds in vitro. A breakthrough for our research was the finding
that dsRNA was taken up by plant-parasitic nematodes when the nematodes were exposed
to the neurotransmitter octopamine by a group from the University of Leeds (UK). We have
adapted the soaking-method such that it worked on the pre-parasitic juveniles of the potato
cyst nematode G. rostochiensis. In chapter 2 cellulases, an amphid specific gene (ams), and
the SPRY SECs were targeted for RNA interference. By using the cellulase and the amphid-
specific gene we anticipated to find an easily scored phenotype, for both are likely to be
important at the onset of parasitism. Soaking worms in dsRNA with octopamine resulted in
reduced mRNA levels for cellulase, ams, and SPRY SECs. For the cellulase and ams
reduced mRNA levels greatly affected the virulence of the nematodes. However, reduced
SPRY SEC mRNA did not lead to a reproducible phenotype in nematodes on a plant.

In chapter 3 our method for RNA interference in G. rostochiensis was further
tested on two novel cellulases, of which it was known that they represented the most
abundant cellulases in stylet secretions. Again, we found a strong reduction in mRNA
levels and severely compromised pathogenicity in the nematodes. Close inspection of the
infection process revealed that the loss of pathogenicity could be explained by poor host
penetration capabilities. The nematode appeared to be no longer able to breach the
epidermal cell layer, or if they had penetrated the epidermis they got stuck in the
subepidermal tissue. These observations matched the expected phenotype of a cell wall
degrading enzyme, whose role seems particularly important during invasion of the host.
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RNA interference by soaking pre-parasitic nematodes in dsRNA seems a
valuable asset to study effectors that are active in the early stages of plant-parasitism. For
the SPRY SECs, however, the soaking method did not result in a significant effect on
nematode virulence. This could imply that the soaking method was not adequate for all
effectors in plant-parasitic nematodes. Alternatively, the SPRY SECs represent a multi-
member gene family and reduced levels of asingle or afew members does not significantly
affect nematode virulence. In order to test the first hypothesis we made transgenic plants
that constitutively produce SPRY SEC dsRNA. Nematodes feeding on these plants are
likely to ingest host-generated dsRNA too. Unfortunately, these transgenic plants have not
resulted in reproducible outcomes.

The SPRY SECs as novel group of effectors in nematode-plant interactions have
not been studied before. Our work described in this thesis has revealed some intriguing
features of the members of SPRY SEC family. Chapter 4 describes the discovery of the
SPRY SECs in cyst nematodes along with their unique structural characteristics. It appears
that the SPRY SEC proteins consist of highly conserved stretches that make up the core of
the protein interspersed with highly variable segments. Especially the sequence elements
that fold into one of the surfaces of the protein is subject to extraordinary evolutionary
forces leading to hypervariability. The SPRY SECs are structurally reminiscent to the
variable domain in immunoglobulins. The build of these latter variable domains also
includes a highly conserved framework with hypervariable complementary determining
regions (CDRs).

Overexpression of one of the SPRYSECs in transgenic potato leads to
supersusceptibilty of the plants with up to five times increase in infectivity of the
nematodes. Strikingly, these same plants appear to be significantly more susceptible to
fungi and viruses. We hypothesize that the SPRYSECs modulate disease-signaling
pathways in plants, which affects virulence of unrelated pathogens. Given that the biology
of nematodes, fungi, and viruses have little in common the supersusceptibility likely
involves a highly generic mechanism such as the basal immunity (i.e. PAMP-triggered
immunity). In chapter 4, we propose a model that may explain how SPRY SECs regulate
their molecular targets inside host cells.

In chapter 5, we describe the finding of a protein segment from the host that
interacts with the one of the SPRY SEC family members. This protein segment matches the
consensus of the so-called Leucine-Rich Repeat (LRR) from disease resistance genes.
Further analysis of the LRR actually showed that it likely originates from a CC-NB-LRR
protein from the SW5 R gene cluster in tomato and potato. Other members of the SW5
cluster confer resistance to tospoviruses. Potato and tomato plants harboring this new
member of the SW5 cluster (SW5F) are not resistant to G. rostochiensis. Transient co-
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expression of the SPRYSEC and its interactor SW5F does not lead to hypersensitive
response typically associated with disease resistance. Therefore, it seems not likely that
SWH5F is a functional R gene towards G. rostochiensis. Our alternative hypothesis is that
the SPRY SEC modulates basal immunity through its interaction with SW5F by a yet
unknown mechanism. Further research is required to test if the supersusceptibility
following overexpression of the SPRY SEC indeed suppresses basal immunity, and if this
suppression is mediated through SW5F.

In the final chapter we further focus on specific aspects of RNA interference in plant-
parasitic nematodes, and we elaborate on our immunity modulation model and put it into
perspective by studying parallelsin the scientific literature.
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Samenvatting

Plantparasitaire nematoden injecteren een grodakeffector moleculen in de cellen van
een waardplant. Deze effectors worden geproducierde faryngeale klieren van de
nematoden, en worden via een stylet in de mondhelée buiten gebracht. De functie van
veel van deze effectors is nog onbekend, maardretoeden bestaat dat ze betrokken zijn
bij de invasie van de gastheer, bij de transfomnadin gastheercellen tot voedingscellen,
en/of bij het onderdrukken of ontwijken van de immiteit van de gastheer. Dit proefschrift
handelt over de identificatie en analyse van eauwé groep van effectors uit het
aardappelcystenaaltfalobodera rostochiensis, die we de SPRYSECs hebben genoemd.

Dit proefschrift bestaat feitelijk uit twee dele®m de rol van SPRYSECs in
nematode-plant interacties beter te kunnen begrijpebben we een manier ontwikkeld om
RNA-interferentietoe te kunnen passen® rostochiensis. In hoofdstuk 2 en 3 beschrijven
we onze pogingen om transiente knock-downs te makareffectors irz. rostochiensis.

Uit de literatuur bleek dat RNA-interferentie komteden in nematoden door ze te
induceren in oplossingen met extreem hoge cond@drdsRNA. Deze observaties waren
echter gedaan aan de vrij-levende sdGaenorhabditis elegans. Uit onderzoek van
collega’s van de Universiteit van Leeds (UK) waslgiebn dat plantparasitaire nematoden
ook dsRNA konden opnemen mits de neurotransmitt&ypamine was toegevoegd aan de
incubatievloeistof. Wij hebben de Leeds-methode epast zodanig dat het toepasbaar was
op de pre-parasitaire stadia van het aardappel@aitie G. rostochiensis. In hoofdstuk 2
zijn een cellulase, een amfiede specifiek gans), en de SPRYSECs als target gebruikt.
De verwachting was dat een knock-down van de ealéri en heams duidelijk zichtbaar
fenotypen zouden geven, omdat beide genen vrogg imteractie een rol spelen. Het is ons
gelukt om de mRNA niveaus van het cellulase,dnet, en de SPRYSECS te reduceren met
RNA interferentie door nematode te incuberen in NIAR Bovendien bleek dat deze
reductie in MRNA voor het cellulase en hats-gen grote invioed had op de virulentie van
de nematoden. De reductie van het SPRYSEC mRNA teesdeé niet in een
reproduceerbaar fenotype op de plant.

In hoofdstuk 3 is de methode voor RNA interfereritieG. rostochiensis uit
hoofdstuk 2 verder getest op twee nieuwe cellulasaarvan bekend was dat ze de meest
abundante cellulasen in de stylet secreties Ganostochiensis zijn. Wederom vond een
sterke reductie in mRNA niveau plaats met als gpwdn afname van virulentie van de
nematoden. Door het infectieproces nauwgezet teitaten bleek dat de afname van
virulentie verklaard kon worden door een gebrekkignetratie van de gastheer. De
nematoden bleken de epidermis niet meer te kunoerbreken, of ze bleven na enkele
cellagen steken in het weefsel. Dit beeld pastibiverwachtte activiteit van de cellulasen
als celwand afbrekende enzymen, en hun belangnjigj invasie van de gastheer.
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RNA interferentie door middel van incubatie van-pegasitaire nematoden lijkt
voor effectors, die actief zijn in de vroege stadha de interacties met de gastheer, goed te
werken. Voor de SPRYSECs bleek de methode nieiderigot een duidelijk effect op de
virulentie. Dit kon betekenen dat methode op baais incubatie in dsRNA niet adequaat
was voor de SPRYSECs. Een alternatieve verklaringzgaude reductie van SPRYSEC
mMRNA niet een direct meetbaar effect op de virideheeft. Als alternatieve methode om
dsRNA te voeren aan nematoden hebben we daarosg&a@ aardappelplanten gemaakt
die constitutief dsSRNA tegen SPRYSECs produceremdrs parasitaire nematoden die
zich voeden aan deze planten, zouden zo ook vaeriduhet dSRNA mee opnemen.
Helaas, hebben deze transgene planten geen eencksdltaat opgeleverd.

De SPRYSECs als zijn als groep nog nooit eerdeubiestd. Uit dit proefschrift
blijkt dat het een bijzonder boeiende familie vamiten is. In hoofdstuk 4 is beschreven
hoe de familie is ontdekt, en wat de structurelakiristieken zijn. Wat opvalt is dat de
eiwitten bestaan uit een kern van zeer geconseteestukken, die worden afgewisseld met
hypervariabele stukken. Vooral de delen van hefteaan één van de opperviaktes lijkt
onderhevig aan de evolutionaire krachten die remaiitin extreme diversiteit. Structureel
lijken de SPRYSECs op de variabele domeinen in iamdinen, met daarin een
hypervariabele complementariteit bepalende regi€®Rs) die worden bijeengehouden
door een stabiel framewerk.

De overexpressie van één van de SPRYSECs in tnamsggrdappelplanten leid
ertoe dat de planten tot vijf keer zo vatbaar wordeor de nematoden. Opvallend is dat
deze supervatbaarheid niet beperkt blijft tot deait@den, maar ook optreedt bij infecties
met schimmels en virussen. Onze hypothese is d8P@&RY SECs kennelijk iets in de plant
moduleren waardoor het parasitisme van zeer ui@penble organismen wordt bevorderd.
Gezien het feit dat de infectiecycli van nematodeohimmels en virussen weinig
gemeenschappelijks hebben, lijkt het waarschijrdgk de SPRYSECs zoiets generieks als
de basale immuniteit (PAMP-geinduceerde immuniteitderdrukken. In hoofdstuk 4
stellen we een model voor hoe de SPRYSECs hun maiecdargets in een cel van de
gastheer zou kunnen beinvlioeden.

Hoofdstuk 5 beschrijven we de vondst van een stitkean eiwit uit een
waardplant dat fysiek bind aan de één van de ledende SPRYSEC familie. Dit stuk
eiwit bestaat uit zogenaamducine-rich repeats (LRR) die grote overeenkomst hebben
met de LRRs van ziekteresistentie genen. De LRR ldeskook afkomstig van een CC-
NB-LRR eiwit dat vermoedelijk lid is van het SW5 Rrgcluster uit tomaat en aardappel.
Andere R genen uit dit cluster geven resistentierietospovirussen. Aardappelplanten en
tomaat met het SW5 lid (SW5F) dat bind aan de SHRYSijn niet resistent tegen
nematoden. Co-expressie van de SPRYSEC en SW5F teessulniet in een
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overgevoeligheidsreactie. Het lijkt dus niet wahijsdijk dat het SW5F een functioneel R
gen tegerG. rostochiensis is. Een alternatieve hypothese is dat de bindimgSRRYSEC
met SW5F leidt tot modulatie basale immuniteit gm e/ooralsnog onbekende manier.
Toekomstig onderzoek zal moeten uitwijzen of supbaarheid na overexpressie van een
SPRYSEC inderdaad modulatie van immuniteit is, edezie modulatie gereguleerd wordt
via de interactie met SW5F.

In het laatste hoofdstuk zijn we nog verder ingegap de bijzondere aspecten van RNA
interferentie in plantparasitaire nematoden, eratpen we het modulatie model van de
SPRYSECs in een breder context door te kijken naaaigllen elders in de literatuur.
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