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Stellingen/Propositions

1. Expansins,aclassofproteinsthatunlockthenetwork ofplantcellwallpolymers,
havenotevolved specifically inthelandplantlineage.Theplantparasitic
nematode Globodera rostochiensis and-mostlikely -numerousotherplant
pathogens aswellhavediscovered this 'trick' during evolution.
-thisthesis
2. The family of RanBPM (Ran-Binding Protein in microtubule organizing center)
homologues identified from the dorsal gland of thepotato cystnematode mightbe
co-responsible for shunting the M-phase during cycles of DNA endoreduplication, anessential elementinsyncytium formation.
-thisthesis
3. Nolessthantheentiregenome sequenceof atleast oneplantparasitic nematodeis
needed to understand the evolution of plant parasitism by nematodes, including
the intriguing hypothesis of horizontal gene transfer of pathogenicity factors from
bacteriatonematodes.
4. In the phylogenetic tree of molecular tools, cDNA-AFLP and SAGE (Serial
Analysis of GeneExpression) would cluster closely together because both exploit
the efficiency and robustness of three revolutionary molecular biology
innovations: restriction enzyme cutting, PCR (polymerase chain reaction) and
DNA sequencing.
5. Plant molecular biology and agricultural biotechnology industry would still be in
their infancies if there hadn't been a common belief among granting agencies
more than 30 years ago that research on the crown gall-inducing bacterium
Agrobacterium tumefaciens would shedlightonanimaltumorpathogenesis.
6. There is a remarkable resemblance between Mandarin-Chinese and the computer
language C++ (overload makes Chinese grammar easier and the function of C++
easiertouse).
7. From the strikingly similar phenotype that most of the people in the Netherlands
and China can't be separated from their bicycles, it can be safely concluded that
Dutch andChinesearehighlyrelatedpeople.
8. ®Z%^1m
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9. No matter how esoteric amatter might be today, somebody, somewhere has spent
yearsgetting adoctorate init.
10.Horizontal language transfer is much more common and far easier to prove than
horizontal gene transfer.

11.AlleChinezenkunnen goedping-pongen.
-deVolkskrant
12.Earthistheonlyheaven.

Stelling behorend bij het proefschrift getiteld: "Molecular genetic analysis of the
pathogenicityofthepotatocystnematode Globodera rostochiensis",doorLingQin.
Wageningen, 5October 2001
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Chapter I
Generalintroduction
Section 1.01 Intimatehost-pathogen interactions
Evolution of communities of organisms has resulted in many kinds of interactions
varying from peaceful, separate co-existence (= non-interaction) to symbiotic or
parasitic relationships. Some pathogens have developed sophisticated mechanisms to
interact with their hosts and start a durable relationship. Durable parasitic
relationships are fascinating and scientifically interesting as they illustrate the
maximal impact of co-evolution. Often these pathogens have evolved the ability to
recognize individual compoundsunintentionally releasedbytheirhosts.These signals
will then trigger the production and / or the release of a rich array of pathogenicity
factors from theparasites.The comprehension of the molecular events underlying the
resulting intimate interactions will lead to the better understandings of the basic
biology as well as development of new approaches to elegantly and specifically
control harmful pathogens.
This Ph.D.thesis is about thepotato cyst nematode, an obligatory parasite of a small
range of solanaceous plantsincluding potato,tomato and eggplant.Thisparasite hasa
major economical impact. The identification of signal molecules that are used by the
nematode to parasitize its host (= pathogenicity factors) would give us handles to
subtly block this interaction. In 1997, at thetime this research was started, very little
was known about the mechanisms underlying the interaction between the potato cyst
nematode and its host. Hypothesizing that this interaction will probably involve a
unique combination of common themes, two examples will be given of intimate
pathogen -hostinteractions.Theseexamples illustrate how such interactions can look
like.
A remarkable example of the interaction between a microbe and an animal is the
sophisticated adaptation of Salmonella bacteria to its host cells. As soon as
Salmonella bacteria are in contact with host cells, the specialized Type III protein
secretion system (a 'molecular syringe') andtranslocation machinery is activated. Itis
thought that the contact with host activates the whole process. The genes encoding
thistype III secretion system were probably acquired by Salmonelladuring evolution
by horizontal gene transfer, which allowed this bacterium to parasitize eukaryotic
hosts. Various bacterial effector proteins that do not contain a signal peptide for
secretion are then delivered into host cells through this 'molecular syringe'. These
effector proteins interact with host proteins and modify the host cellular function to
the benefit of the bacteria. As a result the actin cytoskeleton of the infected cells is
dramaticallyrearrangedtopromotetheinternalization ofthebacteria. Inaddition,host
cell transcription factors that stimulate the production of pro-inflammatory cytokines
areactivated,leadingtodiseasesymptoms [1;2].
A well-characterized example of co-evolution of plants and microbes is the gall
formation induced onplantsbythecrown gallbacteriumAgrobacterium tumefaciens.
An adapted version of this chapter and chapter VII is published in " Biology of Plant-Microbe
Interactions, Volume 3"-2001 IC-MPMI Congress Proceedings. The identity and function of cyst
nematode-secreted proteins inpathogenesis. Oin.L.. Smant,G., BakkerJ. and HelderJ.
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Duringthelong-standing association withitshost,Agrobacteriumhasdeveloped
sophisticated ways to manipulate its host plant. Once the Agrobacterium senses
acetosyringones, which are released from the wounding tissues, it will attach to the
site of wounding. Subsequently, a large panel of effector proteins is activated by
acetosyringones. Asaresult, single-stranded DNAissynthesized from theTi(Tumorinducing)-plasmid, transported into the host nucleus and integrated into the host
genome. The integrated genes encode proteins which mediate the production of
opines (opines can only be metabolized by Agrobacterium spp) and the plant
hormones auxin and cytokinin. In this way, the host metabolic machinery is
drastically modified to meet the needs of the bacteria, finally resulting in the crown
gallformation [3].
Section 1.02 Thelifehistoryofacystnematode- Globoderarostochiensis
(a) Introduction
Nematodes, members of the phylum Nematoda, are present in almost all the
imaginable habitats on earth. Most nematodes are bacteriophagous, mycetophagous,
or live as saprophytes on dead organic material. Relatively few nematode species
developed intoparasites of plants or animals.Plantparasitic nematodes have different
feeding strategies. Most of them are either ectoparasitic or migratory endoparasitic,
which means they will move around to find new food sources and generally do not
engagein anintimate relationship with theirhost plants.Onthe otherhand, sedentary
endoparasitic nematodes have evolved complex relationships with their host plants
and they complete the whole life cycle by extracting nutrients solely from a fixed
feeding site inside the host plant root. The family Heteroderidae(orderTylenchida)
includes cyst {Heteroderaand Globodera spp.) and root knot {Meloidogynespp.)
nematodes. Because of the damage it causes to a wide range of crops, this family of
sedentary endoparasitic nematodes ishighly relevant[4].
This thesis focuses on the potato cyst nematode Globodera rostochiensis, an
obligatory endoparasite of a small range of solanaceous plants. The potato cyst
nematode originates from the Andean region in South America [5] and was probably
introduced into Western Europe in the second half of the 19th century. The species
name 'rostochiensis' is derived from the name of a city in Germany, Rostock. This
name could falsely suggest that this potato cyst nematode originates from Germany:
the name only reflects its first discovery in North Western Europe. During the longstanding association with its solanaceous hosts, the potato cyst nematode has
developed the ability to use host plant signals to synchronize its own life cycle with
that of its host. Without suitable host plants in its surroundings, the potato cyst
nematode can remain viable and stay in dormancy in the soil for years. The almost
complete dependence onrootdiffusate ofhostplantsfor hatchingisremarkable.
(b) Lifecycleofthepotatocystnematode
Thepotato cyst nematode has five different developmental stages and - except of the
adult stage - the end of each of these stages is marked by a molt. The first-stage
juvenile (Jl) molts within the egg resulting in a second-stagejuvenile (J2). Initially,
thisJ2isindiapause, and this dormant J2 will become susceptible tohatching stimuli
only after 8-12 months incubation at relatively low temperatures (= 4°C). After
diapause, hatching of J2 is greatly stimulated by exudates from the roots of host
plants.Theseexudates (ordiffusates) arecomplex mixturesof compounds releasedby
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host plant roots and among the active components are the so-called eclepins. In case
of the soybean cyst nematode, these substances stimulate at low concentrations, 10"11
to 10"12gml"1,thehatching ofJ2from theeggs[6].
Thefreshly hatched J2's invadethe rootjust behind the apex, in the elongation orthe
differentiation zone. After root penetration, they migrate intracellularly through the
cortex inthe direction of the vascular cylinder. Pre-parasitic J2spossess aprotrusible,
hollow spearcalled astyletwith which thenematode piercescellwalls.The migration
is not only facilitated by stylet thrusts but also by cell wall-degrading enzymes that
are secreted by the invading nematode. These enzymes are produced in the two
subventral glands. Upon arrival in the inner cortex, the nematode selects a cortical
cell,theinitial syncytial cell (ISC).This cellwillbethe startingpoint of the nematode
feeding site. Once the wall of the ISC has been perforated, the stylet tip stays
protruded for 6-8 hours, which is called the preparation time The cortical cell
subsequently re-differentiates from a highly vacuolated, differentiated cell into a
metabolically highly active cell. Probably, this de- and re-differentiation process is
triggered by acomplex mixture of secretionsproduced and released by the nematode.
These secretions are thought to be produced mainly by the dorsal gland. Syncytium
initiation is followed by a combination of feeding and syncytium proliferation.
Feedingoccursinrepeated cycles,eachconsisting of threedistinctphases [7;8]:
1. nutrients are withdrawn from the ISC through a feeding tube, by a continuous
rapidpumpingofthemetacorpalbulb
2. styletretraction andreinsertion intothesyncytiumthrough afeeding plug
3. acontinuous forward movement of secretory granules occurs, especially from the
dorsalgland;thestylettipstaysinserted intheISC;anewfeeding tubeis formed
Syncytium formation coincides with an increase in the density of the cytoplasm, the
amount of endoplasmic reticulum and the volume of nucleus. On the other hand, the
volume of the central vacuole decreases and new small cytoplasmic vacuoles are
formed. Furthermore, the ISC expands toward the vascular bundle by fusing with
neighboring cells through partial cell wall dissolution. The developing syncytium
extends longitudinally alongthe vascular cylinder and cell wall ingrowths are formed
adjacent the xylem elements. The ingrowths facilitate the nutrient uptake from the
xylemintothesyncytium [9;10].
As a result of feeding, the nematode changes. Its body wall muscles degenerate and
the nematodes become sedentary[ll]. Sex differentiation takes place at the parasitic
J2stage.Theavailability of food isthetriggerthatdetermines the sex of adeveloping
potatocystnematode:ashortage of food willresultintheformation of males whereas
favorable nutritional conditions will lead to the appearance of females [12]. J2 males
andfemales developintoJ3s,J4sandfinally theyreach adulthood. Incaseof females,
growth coincideswith agradual swellingof herbody.Malejuveniles initially become
sausage-shaped. After the J3 stage, they stop feeding, and adult males are vermiform
and mobile again. They leave the root and search for adult females to mate. The
bodies of females swell extensively and become globular in shape. At some stage,
they burst out of the root epidermis, and become visible as white spherical objects.
Potatocystnematodes areobligatory sexualandafter fertilization eggsdevelopwithin
the female body. At some point, the female dies and the remaining cuticle forms a
protective layer enclosing up to several hundred eggs. At the end of the growing
season, cysts mainly contain J2's in primary diapause. These cysts remain viable for
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manyyearsinthe soil,andnormally after onewinterperiod, theywillbeabletohatch
whenhostplantsareavailable [13](Fig. 1,thelife cycleofthepotatocystnematode).
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Fig.1. Thelifecycleofthepotatocystnematode

Section 1.03 Nematodesecretionsfromtheesophageal glands
(a) Thenematode esophageal glands
Nematode secretions originate from a range of body structures including the cuticle,
the amphids and the esophageal gland cells. Secretions present on the cuticle surface
mayservetomaskthenematodefrom itshost ortoanchorthenematode atits feeding
site [14]. Amphidial secretions may form a feeding plug that surrounds the point at
whichthenematodepiercesthesyncytium withits stylet[15].
As compared to nematodes that feed on bacteria, plant parasitic nematodes have
relatively enormous esophageal glands. Cyst nematodes have one dorsal and two
subventral esophageal secretory glands. (Fig.2, [16]).Each gland is asingle cell with
a cytoplasmic extension that terminates in an ampulla that serves as a reservoir for
secretory granules.The ampullae are connected tothe lumen of the esophagus, inthis
way the gland secretions can be released into the esophageal lumen.The dorsal gland
ends just behind the stylet whereas the subventral gland cells are connected to the
lumen of the esophagus in the median bulb just behind the pump chamber. The
secretionsareeventually injected intoplanttissuethroughthe stylet.
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Fig.2.Theanteriorpartofasecondstageinfectivejuvenile ofacystnematode(FromEndo,
1984,reference 16).

(b) Different functions ofthesubventral anddorsal esophageal glands
The morphologies of the subventral and dorsal esophageal glands are highly different
during the parasitic process, which could point at different functions. The effect of
potato root diffusate (PRD) on the activities of the esophageal glands is different. In
case of G. rostochiensis, it was observed that secretory granule accumulation in
subventral glands was solely aresponse tohydration. Moreover, hydration induced an
increase in size of the gland cell nucleolus as well as an accumulation of granules in
dorsal glands.Contrary tothe subventral gland,the dorsal gland was further activated
by exposure to PRD [17;18]. During migration through the plant root, the two
subventral secretoryglands arelarge andpacked with secretory granules.Theonsetof
parasitism, feeding-site initiation, is accompanied by a rapid decrease in size of the
two subventral glands, whereas the dorsal gland shows a remarkable enlargement.
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Thesechanges wereobserved for theinteractionsHeteroderaglycines- soybean[19],
Meloidogyneincognita-tomato [20] andHeteroderaschachtii-Brassicarapa [21].
Thesemorphological changes suggest animportantroleof subventralgland secretions
during migration. To date, a small number of subventral gland proteins have been
identified: P-l,4-endoglucanases from cyst and root knot nematodes [22], a pectate
lyasefrom thepotatocystnematode [23]and acellulose-binding protein from theroot
knot nematode M. incognita [24]. The nature of these proteins suggests that the
subventral gland proteins indeed play a role during migration through the plant root.
Feeding site initiation is accompanied by an activation of the dorsal gland and, as
such, dorsal gland proteins could be functional during the onset of parasitism and are
likely to be important for the induction and maintenance of the syncytium. Despite
considerable efforts, nodorsalglandproductshavebeen identified yet.
(c) Collection ofthenematode secretions
Two chemical reagents are commonly used to
collect secretions from pre-parasitic juveniles in
vitro:a serotonin analogue called 5-methyoxy-N,
N-dimethyltryptamine-hydrogen-oxalate (DMT)
and resorcinol. The former is used for cyst
nematode [25],the latter for root knot nematodes
[26]. The biological relevance of secretions
produced upon exposure to these chemicals is
difficult toassess.If available, anatural secretioninducing substance would be preferred. Potato
root diffusate (PRD) has long been used as the
hatching stimulus of the potato cyst nematode
[27].Recently,itwasshownthatexposuretoPRD
induced the release of secretory proteins by
freshly-hatched J2 [28]. PRD-induced secretions
probably closely resemble the set of proteins that
isreleased duringtheonsetofplantparasitism.

Fig. 3.Nematode secretions were visible at the tip of the stylet of a second stage infective
juvenileofthepotatocystnematodeG. rostochiensis.

Section 1.04 Whatkindofpathogenicity factors canbeexpectedfromthe
potatocyst nematode
Sincethere aremany similarities among different plant-microbe interaction systems,it
is very informative to consider in parallel the strategies used by other pathogens.
During colonization and migration inplants,the cell wall constitutes a major physical
barrier toplant pathogens and parasites.To reach or to access a feeding site, bacteria,
fungi and nematodes secrete cell wall-degrading enzymes. A second class of genes
expressed in pathogens and parasites limits the lethal effects of anti-microbial
compounds releasedbytheplants.Forinstance,pathogens mayproduce ATP-bindingcassette-transporters todefend themselves against anti-microbial compounds produced
bythehost [29],orpeptide methionine sulfoxide reductase torepair oxidative damage
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caused to its proteins by active oxygen released by the host plant [30]. Once an
interaction has been established, pathogens and parasites may allocate plant nutrients
by inducing changes in the translocation of water and nutrients in the plant. However,
littleisknown ofthe signals thatmediatethechanges induced inplants as an essential
partofthecompatibleplant-nematodeinteraction.
Incaseofthepotatocystnematode,thesethreedifferent typesof pathogenicity-related
proteins are likely to be important in plant parasitism as well. This can be illustrated
by the fact that two kinds of cell wall-degrading enzymes, |5-l,4-endoglucanases and
pectatelyase,areproduced inthesubventral glandofG. rostochiensis. These enzymes
most probably facilitate the migration of the pre-parasitic juvenile through the plant
root [22;23]. Secondly, the potato cyst nematode was shown to secrete superoxide
dismutase upon exposure to DMT [31]. Thirdly, to finally extract nutrients from its
host, sedentary nematodes secrete molecules that force plant cells to re-differentiate
into a feeding site. This process is marked by a reactivation of the cell cycle. DNA
synthesis and progression through the G2 phase are essential for syncytium
establishment [32;33]. Typically, cells in a feeding site have large nuclei, and show
signs of enhanced metabolic activity. The nematode secretions might contain
inhibitors that specifically block the activity of M-phase promoting factors and/or
induce unknown S-phase-related protein kinases. Recently, a protein fraction in
nematode secretions smaller than 3 kDa was found to contain mitogenic activity on
plant protoplasts and mammalian T-celllymphocytes [34].In contrast to the first two
aspects of nematode pathogenicity, at present, no genes have been identified that
mightencodetheputativefactor(s) for feeding siteinduction andmaintenance.

Section 1.05 Strategiestoclonenematodesecretory genes
To identify the nematode secretory genes, the most straightforward approach would
be to collect the nematode secretions and analyze the components directly.
Unfortunately, the collection of pure nematode secretions essentially free from other
microbial contaminants for protein analysis is a formidable challenge. Infective
juveniles are very small and - because of their obligatory plant parasitic nature and
theirrelatively long life cycle -they can notbe reared on a large scale in monoxenic
cultures. Several alternative approaches can be used to circumvent this problem. The
first approach presented hereisbased ontheidentification of theprotein. Onthebasis
of partial amino acid sequences, the corresponding gene can be identified. The other
approaches (2-5) in principle directly result in the cloning of the gene of interest.
Approaches 4 and 5 differ from the other approaches in that they depend on
homologies.
Approach 1. The use of monoclonal antibodies to localize and purify esophageal
glandproteins.
AssumptionI:pathogenicityfactors aresynthesizedintheesophagealglands
The inability to collect sufficient nematode secretions for direct protein analysis
prompted a number of groups to raise monoclonal antibodies (mAb's) against
nematode secretions [35]. Actually, this approach resulted in the identification the
first nematode gene for parasitism. MAb's were used to immunopurify proteins for
sequence analysis and the first subventral gland secretory proteins, (3-1,4-
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endoglucanases, were identified in this way [22;36]. In attempts to identify dorsal
gland proteins from cyst or root knot nematodes, several monoclonal antibodies
(mAbs) have been raised that specifically recognized the dorsal glands of cyst and
root knot nematodes. In 1988,amAb specific tothe dorsal gland and duct of second
stagejuveniles from the soybean cyst nematodeH.glycineswasidentified [37].Later,
two other mAbs specifically bound to the dorsal glands of H. glycines and the root
knot nematode M. incognita respectively were raised [25;38]. However, the
corresponding genes could not be identified. The mAb approach is time-consuming
andappearedtobebiasedtowardsimmuno-dominantproteins.
Approach 2. Using the presence of a signal peptide for secretion as a criterion to
selectfor putativepathogenicity factors.
Assumption II:pathogenicityfactors arepreceded byasignalpeptidefor secretion.
Pathogenicity factors are most likely to be secreted outside the nematode. Nematode
cDNAs can be cloned into a specially designed yeast vector and transformed into
suitable yeast strains [39]. This yeast signal peptide selection system in principle
allowsfor anefficient selection of (nematode) cDNAsthatencode asignalpeptide for
secretion (provided it is recognized by yeast) from a large number of yeast clones.
This approach may result in hundreds of positive clones, so it should be used in
combination with other selection criteria. If it is combined with e.g. a gland-specific
library, in theory, it could be efficient. Several putative pathogenicity factors have
beenidentified inthiswayfrom therootknotnematode[40].
Approach 3. The use of mRNA fingerprinting (cDNA-AFLP) as a means to identify
infective stage-specific genes
Assumption HI:pathogenicityfactors are transcribedsolely orpredominantly inthe
infectivestage(s)ofthepathogen.
Biological responses anddevelopmental processes areprecisely controlled atthelevel
of gene expression. Information on the temporal and spatial regulation of gene
expression often sheds light on the potential function of a particular gene. Most
pathogenicity factors are not expressed constitutively, but in a highly coordinated
way.Powerful techniques,which arecapabletorevealthedifferential gene expression
patterns of a large number of genes reliably, would enable us to identify many
pathogenicity-related genes. At the start of this thesis research, no such technology
hasbeen successfully been applied inplantnematology research.
cDNA-AFLP is a novel RNA fingerprinting technique to display differentially
expressed genes.cDNAs aredigested by tworestriction enzymes and oligonucleotide
adapters are ligated to the resulting restriction fragments to generate template DNA
for PCR. PCR primers complementary to the adapter sequences with additional
selective nucleotides at the 3' end allow for the amplification of a limited number of
cDNAfragments. Unlike classical differential display methodsthatmakeuseof small
random primers [41], relatively high annealing temperatures can be used and, hence,
cDNA-AFLP is more stringent and reproducible. Furthermore, cDNA-AFLP can
distinguish between highly homologous genes from individual gene families. In this
Ph.D. project, this relatively cheap and robust technique has been applied to monitor
the gene expression of five distinct life stages of the potato cyst nematode in order to
identify genes,which areimportant for thenematode parasitism.

Chapter I

Approach 4. Random sequencing of cDNAs as a way to identify putative
pathogenicity factors
Limitation: this approach depends on the availability of (partially)characterized
homologues.
Expressed sequence tags (EST) are single pass sequences of cDNA clones selected
randomly from a library [42].When high throughput sequencing facility is available,
a large number of nematode genes can be discovered rather quickly. However, as a
technology byitself, theidentification of putativepathogenicity factors relies strongly
on homology searches. To study the function of genes showing no homology to
functionally characterized sequences in the database, it is essential to combine the
ESTapproach withothertechniques.
Approach 5. The use of degenerate PCR primers for the identification of putative
pathogenicity factors.
Limitation: this approach depends on the availability of (partially)characterized
homologues.
When putative pathogenicity factors have been identified in other plant pathogens or
in other nematode species, the homologous genes in the nematode of interest in
principle canbeclonedbyusingdegenerate primersbased onconserved regions.This
strategy was successfully used to clone cellulase genes from the root knot nematode
[43]. However - by definition - this approach is limited to the identification of
homologues ofknowngenes.
Section 1.06 Howtoassesstherelativeimportanceofindividual pathogenicity
factors?
The techniques summarized above that are used to clone nematode parasitism genes
have one thing in common - they are all reverse genetics approaches. Putative
pathogenicity factors might be identified by these approaches, but no definitive
function can be assigned to them. To evaluate the relative importance of a certain
compound secreted during the infection process,mutant nematodes that areunable to
produce and/or secrete this factor would be useful. Because no such mutants are
available from the classical genetic approach, a protocol for transforming obligatory
plant parasitic nematodes is urgently needed. One of the prerequisites for this
transgenic approach being successful would be the availability of (constitutive)
promoters that are properly recognized by the host organism. At present, several 5'upstream regions of locally expressed plant-parasitic nematode genes have been
identified [26;44;45]. However, none of them was shown to include a functional
promoter region. Further effort is thus needed to isolate functional promoter
sequences.
Section 1.07 Outlineofthethesis
Thegoal of thisPhDresearch istoidentify pathogenicity factors from thepotato cyst
nematodeGlobodera rostochiensis. Theidentification of suchfactors willenableusto
engineernewcontrolstrategiestomanagethisparasite.
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•For this purpose, a novel efficient cDNA-AFLP-based strategy was designed and
successfully performed to identify pathogenicity-related genes (Chapter 2).
•Subsequently, a computer program (GenEST) was developed to link cDNA-AFLP
data with cDNA sequence data (including ESTs) to discover such genes (Chapter 3).
• A functional expansin gene (Chapter 4) and a RanBPM-like gene family (Chapter 5)
were identified, which were expressed specifically in the nematode secretory glands
and up-regulated in the infective stage, indicating their involvement in plant
parasitism.
Furthermore, a promoter from the potato cyst nematode was cloned and was shown
to be functional in Caenorhabditis elegans. This promoter region could be a
valuable tool to drive gene expression in transgenic plant-parasitic nematodes.
Probably, the importance of newly identified putative pathogenicity factors can only
be assessed if we are able to generate mutants unable to produce these pathogenicity
factors (Chapter 6).
Finally, the results are summarized and discussed in chapter 7.
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An efficient cDNA-AFLP-based strategy for the identification
of putative pathogenicity factors from the potato cyst
nematodeGloboderarostochiensis
ABSTRACT:
A new strategy has been designed to identify putative pathogenicity factors from the
dorsal or subventral esophageal glands of the potato cyst nematode Globodera
rostochiensis. Three independent criteria were used for selection. Firstly, genes of
interest should predominantly beexpressed ininfective second stagejuveniles,and notor
to a far lower extent in younger developmental stages.For this, gene expression profiles
from five different developmental stages were generated using cDNA-AFLP. Secondly,
the mRNA corresponding to such a putative pathogenicity factor should predominantly
bepresent inthe esophageal glands of pre-parasiticjuveniles.This waschecked by insitu
hybridization. As a third criterion, these proteinaceous factors should be preceded by a
signalpeptide for secretion. Expression profiles ofmorethan4,000 genes were generated
and three up-regulated, dorsal gland-specific proteins preceded by signal peptide for
secretion were identified. No dorsal glands genes have been cloned before from plant
parasitic nematodes. The partial sequence of these three factors, A4, A18 and A41,
showed no significant homology to any known gene.Their presence in the dorsal glands
of infective juveniles suggests that these proteins could be involved in feeding cell
initiation, and not in migration in the plant root or in protection against plant defense
responses. Finally, the applicability of this new strategy in other plant-microbe
interactions isdiscussed.

Nucleotide sequence data reported in this paper are available in the EMBL, GeneBank
andDDJB databasesunderthe accession numbersAJ251756,AJ251757 andAJ251758.
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INTRODUCTION:
Co-evolution of plants and microbes may result in intimate and durable interactions. A
well-characterized example of co-evolution of plants and microbes is the symbiosis of
legumes and Rhizobia. Symbiosis arises from an extensive exchange of molecular signals
between two partners. In contrast to Rhizobia, biotrophic bacteria, fungi, and nematodes
often flourish attheexpenseofthehostingplant andreleasepathogenicity factors in order
toreach afeeding site,tocounteract theplantdefense responses andtoextract food.
In case of sedentary plant parasitic nematodes, migration through plant tissues is
facilitated by the secretion of (3-1,4-endoglucanases (Smant et al. 1998; Rosso et al.
1999).Apart from mechanicalbarriers,nematodes havetowithstand the defense response
of a host plant. Antioxidant enzymes in animal parasitic nematodes are pivotal in the
interaction with their host and recently, the potato cyst nematode Globodera
rostochiensiswas shown to secrete superoxide dismutase upon exposure to 5-methoxyN,N-dimethyltryptamine-hydrogen-oxalate (Robertson et al. 1999). To finally extract
nutrients from itshost, sedentary nematodes secretemolecules that force plant cells toredifferentiate into a feeding site.This process is marked by areactivation of the cell cycle
(Niebel etal. 1996).Typically, cellsinafeeding site have large nuclei, and show signsof
enhancedmetabolicactivity.Nematode secretionshavelongbeenimplicated asthecausal
agents of the physiological and molecular changes in feeding sites induced in plants
(reviewed by Hussey and Williamson 1996). Recently, a protein fraction in nematode
secretions smaller than 3 kilo Dalton was found to contain mitogenic activity on plant
protoplasts and mammalian T-cell lymphocytes (Goverse et al. 1999). At present it is
unclear whetherthispeptidefraction containsthecausal agent(s) offeeding siteinduction.
The collection of pure nematode secretions essentially free from other microbial
contaminants for protein analysis is a formidable challenge. Infective juveniles are very
small and -because of their obligatory plant parasitic nature and their relatively long life
cycle- it is difficult torear themon a large scale inmonoxenic cultures. The inability to
collect sufficient nematode secretions for proper analysis prompted many groups in the
pasttodeveloppolyclonal and monoclonal antibodies against nematode secretions. Some
oftheantisera wereusedtoimmunopurify proteinsfor sequenceanalysis (Rayetal. 1994;
Smant et al. 1998).Although this laboriousprocedure has resulted in the identification of
a pathogenicity factor in secretions of cyst nematodes (Smant et al. 1998; Yan et al.
1998),amoreefficient methodisdesirable.
cDNA-AFLP is a novel RNA fingerprinting technique to display differentially
expressed genes (Bachem et al. 1996). cDNAs are digested by two restriction enzymes
and oligonucleotide adapters are ligated to the resulting restriction fragments to generate
template DNA for polymerase chain reaction (PCR). PCR primers complementary to the
adapter sequences with additional selective nucleotides at the 3' end allow for the
amplification of a limited number of cDNA fragments. Unlike differential display
methods that make use of smallrandomprimers (Liang and Pardee 1992),relatively high
annealing temperatures can be used and, hence, cDNA-AFLP is more stringent and
reproducible. In contrast to hybridization-based techniques, such as cDNA microarrays,
cDNA-AFLP can distinguish between highly homologous genes from individual gene
families. In addition, cDNA-AFLP does not need any pre-existing sequence information,
whichmakesitanexcellenttooltoidentify novelgenes.
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To select genes encoding pathogenicity factors thatarepresent innematode secretions
from a pool of thousands of amplified cDNA fragments, the following criteria were
applied. As a first selection criterion, we assumed that cDNA fragments encoding
pathogenicity factors areup-regulated in an RNA pool isolated from freshly hatchedpreparasitic J2just prior the invasion of a host plant as compared to younger developmental
stages. Secondly, it is assumed thatpathogenicity factors are produced inthe dorsal or in
the subventral oesophageal glands of the nematode. This latter criterion is justified by
numerous microscopic observations ((Wyss and Zunke, U.1986); Wyss 1992). Thirdly,
we assume that pathogenicity related mRNAs encode aprotein which starts with a signal
peptide for secretion. This seems reasonable because pathogenicity factors act outside the
nematode. The first pathogenicity factor cloned from cyst nematodes, a |3-1,4endoglucanase, meetsallofthesecriteria (Smantetal. 1998).
In this paper, the RNA fingerprints of approx. 4,000 genes in five distinct
developmental stages from the potato cyst nematode G. rostochiensiswere compared
using cDNA-AFLP. The life cycle of potato cyst nematodes allowed for the isolation of
highly synchronized, distinct phases. Amplified cDNA fragments up-regulated in
infective second stage juveniles were sequenced and the 5' ends of the cDNAs were
checked for the presence of an open reading frame that starts with a predicted signal
sequence for secretion. If such a signal was present, the exact location of this mRNA
species wasestablished byin situ hybridization. This highlyefficient selection procedure
resulted intheidentification of three dorsal gland specific genes.Itis noted that - despite
considerable efforts - to date no proteins have been identified from the dorsal glands of
sedentary nematodes, and the three dorsal glands protein encoding cDNAs reported here
arethefirst onestobecloned.

RESULTS
Validation of the quantitative relationships of transcript-derived fragments in
cDNA-AFLP
Theexpression patternsofmorethan4000transcript-derived fragments (TDFs)from five
successive developmental stages of the potato cyst nematode G. rostochiensis were
monitored bycDNA-AFLP analysis.Thehighly synchronous inoculation of potatoplants
allowed for a comparison between the mRNA populations of potato root diffusate
(PRD)-hatched J2 and mRNA populations of younger stages: developing nematodes in
young cysts (two months post-inoculation), developing nematodes in young cysts (three
months post-inoculation), unhatched J2 in diapause and rehydrated unhatched J2 after
diapause. Inthe first paper aboutcDNA-AFLP,theexpression levelsrevealed bycDNAAFLP were shown to be comparable with results obtained by Northern blot analysis
(Bachemetal.1996).
To establish whether the intensities of TDFs revealed by cDNA-AFLP correctly
reflected thedifferences inthe original mRNA populations in our system, the expression
patterns of constitutively (glyceraldehyde-3-phosphate-dehydrogenase, encoding cDNA
namedgpd)andtransientlyexpressed genes(GR-engs) weremonitored.
AcDNA encoding the enzyme glyceraldehyde-3-phosphate-dehydrogenase (Qin etal.
1998) was taken as a reference. The crucial role of GAPDH in glycolysis and
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gluconeogenesis suggests a constitutive expression of gpd in G.rostochiensis.If cDNAAFLP correctly reflects the abundances of GAPDH-encoding mRNAs, similar band
intensities would be observed in all five developmental stages. Based on sequence
information, digestion of the GAPDH-encoding cDNA with EcoR I and Taq I would
produceabandof93bp.Twoselectiveprimerextensions wereused (E+GT,T+ CG, for
E and T see Materials and Methods) to reduce the complexity and facilitate the
identification of the proper TDF. In all stages, TDFs were observed at the predicted
position andtheintensities of the corresponding bands werenearly identical (Fig. 1).The
93bpTDFwasisolatedfrom thegel,andsequencingrevealed aperfect matchwithgpd.

EHGT/THCG

D S H U P

100bp

-GAPDH

90bp

Fig. 1. The expression pattern of a
GAPDH-encoding mRNA from the
potato
cyst
nematode
G.
rostochiensis asdisplayedbycDNAAFLP. The corresponding cDNA
fragment was amplified using
E+GT/T+CG. The band intensities
wereverysimilar inallfive different
developmental stages. These stages
are indicated by capitals. D:
unhatched J2 in diapause, S:
unhatched J2 after diapause,
rehydrated for 2 days in water, H:
freshly hatched J2 in potato root
diffusate, U: developing nematodes
(Jl) in gravid females two months
post-inoculation, P: developing
nematodes (J2) in gravid females
threemonthspost-inoculation.

p-l,4-endoglucanase shows a characteristic expression pattern in potato cyst
nematodes withhighlevelsoftranscriptionjustpriortheonsetofparasitism (Smantetal.
1997).To date,twohighly homologous |3-l,4-endoglucanases (GR-eng-l andGR-eng-2)
havebeen identified inG. rostochiensis (Smantet al. 1998).Based on available sequence
information, a band of 398 bp is expected to appear on a cDNA-AFLP gel. Having an
ancillary cellulose binding domain, ENG-1 is substantially larger than ENG-2, and it
includes the restriction sites for a second TDF (104 bp). The primer combination E+TT
and T+TG was used to amplify the 398 bp fragment. The extensions E+AA and T+GG
were employed for the 104bp fragment ofENG-1(data not shown).The resulting AFLP
patterns showed amplification products of both sizes. The highest band intensities were
observed in infective J2 and in re-hydrated, unhatched J2 (Fig. 2.) which corresponds
with our previous findings (Smant et al. 1997).The 398 bp TDF sequence showed 99%
identitywithGR-eng-2.
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Fig. 2. The expression pattern of p-1,4endoglucanases-encoding
mRNAs
from five different developmental stages
of the potato cyst nematode G.
rostochiensis as displayed by cDNAAFLP. The arrows point to the bands
produced by Gr-engs. Three different
primer extensions were used: E+T /
T+T, E+T / T+TG and E+TT / T+TG.
The capitals D, S, H, U and P refer to
the different developmental stages (for
explanation, seeFig. 1.legend).

To further verify the reliability of this system, a semi-quantitative PCR method was
used to study the expression levels of P-l,4-endoglucanases in the five different life
stages. Semi-quantitative PCR was carried out on cDNAs made from these stages. The
expression levels of P-l,4-endoglucanases were normalized by the levels of gpd
expression. Avery similar expression pattern wasobserved ascompared to cDNA-AFLP
(Fig.3).

J 150
E 100o
S 500

Fig. 3. Semi-quantitative PCR
analysis of 6 - 1,4- endoglucanases
expression in five different
developmental stages of the potato
cyst nematode G. rostochiensis. On
theY-axis theratio is givenbetween
the net intensities of 6-1, 4endoglucanases and GAPDH. The
capitals D,S,H,UandPrefertothe
different developmental stages (for
explanationseeFig.1. legend).

It is concluded that cDNA-AFLP correctly reflects the expression patterns of a
constitutively expressed gene, gpd, and the developmentally regulated genes, GR-eng-7
andGR-eng-2.
Theidentification ofTDFswithapathogenicity factorlikeexpression pattern
Assuming that the kinetics of expression revealed by cDNA-AFLP indeed reflect the
mRNA abundances in the original mRNA populations, eight primer combinations were
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used (E + A/T and T + A/C/G/T) to generate a large number of mRNA expression
profiles. Each primer combination resulted in about 230 discrete bands on large
polyacrylamide gels. The complexity of the resulting patterns prompted us to use one
additional selective nucleotide (T+2 instead of T+l). Hence, E+C/G was used in
combination withallpossible T+2 extensions and,asaconsequence,the average number
of TDFs dropped to 85 per lane.In total 40 primer combinations were tested, resulting
in the visualization of about 4500 TDFs. Approximately 100TDFs (=2%) appeared to
be up-regulated in rehydrated cysts and / or in infective J2. A sample of fourteen TDFs
was excised from gel, cloned and sequenced. To check whether the obtained sequences
indeed corresponded with the up-regulated TDFs, one or two additional selective
nucleotides were introduced complementary to the sequences at the 5' and 3' ends of the
fragment. From the 14TDFs tested, 10TDFs still displayed the same expression pattern
and only these TDFs were analyzed further. In a control experiment, the effect of
additional selective nucleotides on the expression pattern of (3-1,4-endoglucanases was
verified. The expression patterns were nearly identical, irrespective of the number of
selective nucleotides (Fig. 2). Except for one TDF - A13 - that shows high homology
with a 4-hydroxyphenylpyruvate dioxygenase gene (data not shown), no significant
homologies withotherknowngeneswerefound amongtheotherup-regulated TDFs.
Insituhybridization of up-regulated TDFs
Subventral and dorsal esophageal gland products are thought to be crucial in the
interaction between endoparasitic nematodes and their host. This can be illustrated by fl1,4-endoglucanase,the first pathogenicity factor cloned from a plant parasitic nematode.
In situ hybridization in pre-parasitic J2 of G. rostochiensis showed labeling in the
subventral glands only (Smant et al. 1998). For 10 TDFs, sense and anti-sense DNA
probes were made by asymmetric PCR using either the E+0 or the T+0 primer. We have
observed that the background staining with DNAprobes was always much lessthan with
RNAprobes.Anti-senseDNAprobes of theTDFsA4,A18andA41specifically labeled
the dorsal gland of infective J2. Labeling was observed around the nucleus in the gland
cell,andnohybridization was detectable in the gland cell extensions orthe ampullae.No
labelingwasobserved forthesenseprobes.Thedetectedtranscript levelsofA4,A41and
A18 were respectively high, moderate, and low (Fig.4).These three TDFs appeared to
be upregulated in the PRD-hatched J2 stage and this expression pattern was confirmed
using primers with corresponding selective extensions at the 3'-end (Fig. 5). The
antisense probe of All labeled the rectal gland (data not shown). The remaining six
probesdidnot showanyhybridization signal.
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Fig. 4. In situhybridization using three different TDF-derived probes from G. rostochiensis
LabelingwasdoneinpreparasiticJ2.A: labelingpatternusinganA4antisenseprobe.B:labeling
pattern with an A18 antisense probe. C: labeling pattern using an A41 antisense probe. D:A
typical image of a sense probe labeling. Arrows point at the dorsal gland (D) and at the
metacorpus(M).Scalebar=20um

Analysisof5'endsofmRNAspossiblyencodingnematodesecreted compounds
Adorsal gland protein could be aconstituent of the nematode secretions if itispreceded
by a signal peptide for secretion. To find out whether the up-regulated, dorsal gland
specific TDFs A4, A18 and A41 included such a signal, the 5' end of the cDNAs was
amplified from a cDNA library (Smant et al. 1998). For A4, a fragment of 162 bp was
obtained showing an overlap of 59 bp with the 5' end of the corresponding TDF.
Similarly, a733bpfragment wasobtained for A18, whichhad 61bpincommon withthe
5' end of theTDFsequence.For A41, a470bp fragment was isolated having 175bp in
common with the 5' end of the A41 TDF sequence. In all three cases, a putative start
codon couldbe identified preceded by 3to 4 adenineresidues, aphenomenon frequently
observed in C.elegansgenes (Blumenthal et al. 1997) and also in potato cyst nematode
genes (Qin,unpublished observations).Theconceptual translation predicted that A4,A18
and A41 contained open reading frames. The computer algorithm SignalP (Nielsen et al.
1997) was used to assess whether the protein was preceded by a signal peptide for
secretion. Inallthreecases, sucha signalwaspredicted tobepresent. Itisconcluded that
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the proteins corresponding to the TDFs A4, A18 and A41 are produced in the dorsal
glandand,mostlikely, secretedthroughthestylet.
E + A / T +A
0

S

H

U

E + A G / T +AC
P

D

S
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P

Fig. 5. The expression patterns of three
TDFs, A4,A18and A41fromthepotato
cyst nematode G. rostochiensis as
revealed by cDNA-AFLP. The arrowpointedbandsfromtheleft panelwerecut
out, cloned and sequenced. On the basis
ofthe sequenceresults,theprimers Eand
T were extended with one or two
additional selective nucleotides. The
resultingcDNA-AFLPexpressionpatterns
areshown(rightpanel).Thecapitals D, S,
H, U and P refer to the different
developmental stages (for explanation see
Fig.1. legend).

DISCUSSION
Inthispaper anovelcDNA-AFLP-based strategyisdescribed thatresulted inthe cloning
of three putative pathogenicity factors - named A4, A18 and A41 - from the dorsal
esophageal gland of the potato cyst nematode G. rostochiensis. Secretions from the
subventral and dorsal esophageal glands of cyst and root knot nematodes are thought to
be essential for many aspects of parasitism (Williamson and Hussey, 1996). The first
cloned secretory product from the subventral glands of acystnematode was shown tobe
a P-l,4-endoglucanase (Smant et al. 1998). The three dorsal gland genes presented here
arethe first ones tobe identified from aplant parasitic nematode. None of these putative
secretion compounds show significant homology to any known protein. Hence, the
functions of A4,A18 and A41 in the interaction between the potato cyst nematode and
itshostplantsremain tobe established.
To identify proteinaceous pathogenicity factors present in the secretory glands of the
potato cyst nematode, we developed a strategy that uses the corresponding mRNAs as a
starting point. Pools of mRNAs of distinct developmental stages were compared by
cDNA-AFLP. By using this PCR-based technology the problem of scarcity of starting
material was circumvented. Cyst nematodes have a single infective stage - the preparasitic second stage juvenile - and we postulate that pathogenicity factors related to
early events in the infection process will predominantly be present in this life stage and
they willbe functional outside thenematode.Although the resultspresented inthispaper
show the usefulness of our selection criteria, it is noted that exceptions (e.g. a
pathogenicity factor thatisexpressed constitutively) willbemissed.
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Firstly, the reliability of the expression patterns as displayed by the cDNA-AFLP
technique was verified. Contrary to differential display where random primers are used
for amplification of cDNAs (Liang and Pardee 1992) , cDNA-AFLP permits a relative
easy validation of the displayed profiles by using control genes with known expression
patterns. The cDNA fragment corresponding to the constitutively expressed genegpd-1
was present in all developmental stages with similar intensities. The amplified fragment
from GR-eng-7 wasup-regulated inpre-parasitic stages,andthisresultcorresponded well
with aprevious study of |}-l,4-endoglucanases at the protein level (Smant et al. 1997).It
isnoted that the expression profiles of GR-eng-1and -2 (95%identical in the first 884
nucleotides) could be monitored separately. This represents a clear advantage of cDNAAFLP technique over the hybridization-based methods where the hybridization signals
from each of the highly homologous sequences will be indistinguishable. The validity of
the expression patterns was further verified by using additional selective nucleotides. By
doing sothe number of displayed amplification products was drastically reduced and,as
a consequence, the primer / target ratio was changed. This change did not affect the
relative intensities of the control genes. In a previous study, gene expression during
potato tuber formation as revealed by cDNA-AFLP was checked by Northern analysis
and similar results were obtained (Bachem et al. 1996). It is concluded that, for the
limitednumber ofcontrolgenesavailable for G. rostochiensis, thecorrectness ofthegene
expressionprofiles asrevealedbycDNA-AFLPcouldbe confirmed.
In this paper, the expression levels of 4560 TDFs in five developmental stages of G.
rostochiensis were monitored. Certainly, a small number of transcripts will be
representedbymorethanoneTDFs.Inasimilar studyonpotatotuberformation process,
the authors found that about 2%out of the 200cloned TDFs appeared tobe derived from
the same transcript (Bachem et al. 1996). Given the fact that this double representation
could only be detected when both fragments hit upon the same gene sequence in the
database during homology search, we presume this percentage is an underestimation. If
we suppose that 10% of the displayed TDFs are derived from the same transcript, the
expressionpatternsof about4,000 genes weredisplayed.
To estimate the efficiency of the cDNA-AFLP approach, it is useful to make a
comparison with Caenorhabditiselegans. The C. elegans genome sequencing project
revealed that the 97 Mb haploid genome sequence of this free living nematode contains
19,099predictedprotein-coding genes.Exon sequences arepredicted tocover 27%ofthe
genome, giving an average size of 1.35 kb per transcript (The C. elegans Sequencing
Consortium. 1998). The genome sizes of G. rostochiensisand C. elegans are similar
(RouppevanderVoortetal. 1999). Under the assumption thatthe averagetranscript size
of G. rostochiensis is about 1.35 kb as well, approximately 33% of the potato cyst
nematode genes will be cut at least once (1.35 kb/4 bp = 33%) by EcoR Irecognizing a
six bp motive. The frequent cutter Taq I will restrict most of the cDNA fragments
generated byEcoR I.Ifthese assumptions arecorrect, theestimated numberof expressed
genes in juveniles of the potato cyst nematode is about 12,000 (= 4,000 / 0.33). If a
second restriction enzyme combination isused, the coverage of the genome should reach
about 56% (=33%+(l-33%)x33%), a third combination about 70% (=56%+(l56%)x33%). In fact, a survey of the expression patterns of the genes representing a
significant part of the genome can be achieved with relatively small investment both in
timeandfinancial resources.
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Among the 4,000 expression profiles, approximately 100TDFs were up-regulated in
rehydrated cystsand/orininfective J2.Insituhybridisations showed thatthreeTDFs,A4,
A18 and A41, were specifically produced in the dorsal gland in infective pre-parasitic
juveniles. The presence of a predicted signal peptide for secretion indicates that these
proteins aretranslocated inthe secretory pathway and, as such, they meet the criteria set
out for putative pathogenicity factors of the potato cyst nematode. The partial cDNA
sequences did not reveal a significant homology with known proteins. Their presence in
thedorsalesophagealgland(andtheirabsenceinthesubventralglands)suggestthatthese
proteins could be involved in processes finally resulting in food extraction from the host
plant, and presumably not in migration or in protection against host plant defense
reactions.
Knock-out mutants would be an ideal tool to unravel the role of these dorsal gland
proteins in pathogenicity. Introduction of double-stranded RNA has been shown to
specifically disrupt the activity of genes containing homologous sequences in C.elegans
(Fireetal. 1998).Alternatively, target-binding singlechain antibodies couldbe expressed
in the cytosol of cortical root cells. Using this approach the relative importance of a
putativepathogenicity factor couldbe assessed (Schotset al.1992).Athird,more general
approach is the heterologous expression of putative pathogenicity factors in plants. The
resulting phenotypes could give an indication about the possible roles of these putative
pathogenicity factors inparasitism.
This paper illustrates the efficiency of a novel strategy for the identification of
pathogenicity factors from the potato cyst nematode G. rostochiensis. This relatively
general approach can be applied to any plant-pathogen combination as long as distinct
mRNA populations can be isolated from infectious and non-infectious life stages of the
pathogen. This technique willbeparticularly suitable for many non-model organisms for
which limited genome sequence information is available. Contrary to e.g. expressed
sequencetags(ESTs),whichrelies solely onhomology searches,this cDNA-AFLP-based
approach allows for the identification of putative pathogenicity factors which are
specifically expressed atinfective stages, even if they do not show significant homology
to anyknown gene.As such this strategy could be a valuable tool in the identification of
pathogen signalsmediatinghostplant manipulation.
MATERIALS ANDMETHODS
Nematode culture
G. rostochiensispathotype Rol-Mierenbos was cultured as described previously ((DeBoer et al.1992)). RNA was extracted from five developmental stages: (D-dormant)
dehydrated unhatched second stage juveniles (J2's) in cysts (in diapause); (S-soaked)
rehydrated unhatched J2's inone-year-old cysts after exposureto steriletapwaterfor two
days; (H-hatched) pre-parasitic J2's (dry cysts wereincubated in sterile tap water for one
week, tap water is replaced by potato root diffusate (PRD) in the second week); (Uundifferentiated into J2's) developing nematodes (mostly Jl's) in gravid females two
monthspost-inoculation; (P-pre-diapause) developing nematodes (J2's) ingravid females
threemonths post-inoculation.
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RNA isolation
From each of the five developmental stages about 100 ug total RNA was isolated using
TRIzol Reagent (Life Technologies, Breda, The Netherlands). The integrity of the total
RNA was checked on a denaturing agarose gel. Dynabeads Oligo (dThs (Dynal A.S,
Oslo, Norway) were used to isolate about 1(xgmRNA from each of the developmental
stages.
cDNA-AFLP analysis
Besides someminormodifications, cDNA-AFLP wasperformed asdescribed (Bachemet
al.1996)). In short, cDNA was synthesized from 1 (Xgof mRNA using the Superscript
Choice System for cDNA synthesis-kit (Life Technologies). The first strand cDNA was
reverse transcribed with aTn oligonucleotide primer. Subsequently, cDNA was digested
by restriction endonucleases EcoR I and TaqI and ligated to EcoR I and TagI adapters
((Vos et al.1995)). Pre-amplification was performed in 25 cycles using primers
(indicated as 'E' and T') corresponding to the EcoRI and Taql adapters without
extension (E+0:GACTGC GTA CCA ATTCand T+0:GAT GAG TCC TGA CCG A)
using astandard pre-amplification program. After 100times dilution of thePCR product,
the template was amplified again with one or two selective base extensions at the 3'-end
of the primers E and T using a standard AFLP touchdown selective amplification
program. Asfragment sizereferences ongel (50cminlength),a 30-330bpAFLP ladder
(Life Technologies) was used in combination with a 50-500 bp SequaMark ladder
(Research Genetics, Huntsville, Canada). Differentially expressed bands were cut out
from the gel and re-amplified using High Fidelity polymerase (Roche Diagnostics,
Mannheim, Germany). The amplified fragments were checked on a 2% agarose gel and
cloned subsequently into pCR2.1-TOPO vector (Invitrogen, Leek, the Netherlands).
Transformed E. coli colonies were checked by PCR with the same primers used in the
selective amplification to confirm the presence of the expected insert. Plasmids were
purified using Wizard Plus Miniprep DNA Purification System (Promega, Madison,WI)
and sequenced either on an Automated Laser Fluorescent DNA sequencer (Pharmacia,
Uppsala, Sweden) or on a LI-COR DNA sequencer (LI-COR , Lincoln, NE).
Confirmation of the cloned cDNA-AFLP fragments was done by using one additional
selective base to the 3'-ends of the E and/or T primers in selective amplifications and
runongel.
Semi-quantitative PCR
To validate the cDNA-AFLP expression patterns, semi-quantitative RT-PCR was
performed on P-l,4-endoglucanases and glyceraldehyde-3-phosphate-dehydrogenase
(GADPH) encoding mRNAs from five different stages. P-l,4-endoglucanases are
pathogenicity factors of G. rostochiensis and these cell wall degrading enzymes are
abundantly expressed in J2within cyst soaked with water and PRDhatched J2 (Smantet
al.1997). The primer cel-up(5'-TGGAACGCCGATACAGTGAAGG- 3') andeel-down
(5'-GGAGGCGTAGAAGTGGAAGGTGTA-3') were used to amplify both
endoglucanases (GR-eng-1 and GR-eng-2). cDNA was prepared as described above
from 1u,gmRNA. Asmall fraction (0.6%) of synthesized cDNAwasused astemplate in
a PCR reaction. Theprimers gpd-up(5'-GCGCTGCGGTTGAGAAGGAC-3') andgpddown (5'-CCGGTGCTGGCAGGGATGATGT-3') were used to amplify the
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corresponding cDNA. PCR was performed in a 100 ^.1reaction volume containing lx
Supertaq PCR buffer (SphaeroQ, Breda, The Netherlands), 0.8 mM dNTPs, 0.2 U
Supertaq and0.25 uMof eachprimer.Atouchdown PCRprofile wasused: 5cycles of20
s at92°C,30sat65°C,60sat72°C,followed by29cycles of 20sat92°C,30sat60°C,
60 s at 72°C. A 10 jLtlaliquot was taken out every three cycles and analyzed on a 2%
agarose gel including 0.4 |xg/ml ethidium bromide. In the log-linear phase of the
amplification reaction, the PCR products were analyzed using KODAK ID image
analysis software (EASTMAN KODAK, Rochester, NY). The amount of PCR product
corresponding to p-l,4-endoglucanases was normalized using GAPDH as baseline
reference.
Sequence analysis
DNA sequences were analysed using the Laser gene software package (DNASTAR,
Madison, WI). Database search was done using WU-Blast at Human Genome Centre,
Baylor College of Medicine, Blast service at the National Centre for Biotechnology
Information (NCBI) and FASTA at European Bioinformatics Institute (EBI). The
computer algorithm SignalP (Nielsen et al.1997) was used to predict the presence of a
signalpeptidefor secretion and thecorresponding putativecleavagesite.
In situ hybridization
Except for the use of single stranded DNA (instead of RNA) probes - synthesized by
linear PCR as described (Tabara et al.1996) - the nematode fixation, hybridization and
detection stepswereessentially performed asdescribed ((deet al.1999)). Briefly, cDNAAFLP fragments cloned in pCR2.1-TOPO vector (Invitrogen) were first amplified with
UniversalM13(-20)forward andUniversalM13reverseprimers (Invitrogen).Thevector
sequence from theamplified product wasremoved bythe additionof EcoR I(37°C, 1 h).
The digested product was checked on 1% agarose gel. The sense and antisense probes
weremadebyasymmetric PCRinthepresence of DIG-dUTP(RocheDiagnostics) using
either the E+0 or T+0 primer with 20 ng of digested product as template in a 20 |xl
reaction volume. TheDIG-labeledprobes werepurified through a G50Mini Quick Spin
DNA column (Roche Diagnostics) and 10jxlTEbuffer was added. Ineach hybridization
reaction, 30|il of labeled probe wasused. Alkaline phosphatase activity wasdetected by
the addition of X-phosphate and NBT (Roche Diagnostics), and labeled infective
juveniles wereobserved underaLeicainverted microscope (Leica,Deerfield, IL).
Cloningofthe5' endofthecDNA
Gene specific primers were used in combination with vector primers in pcDNAII to
amplify the 5'-end region of each cDNA-AFLP fragment (A4, A18, A41) from a cDNA
libraryconstructed inpcDNAII asdescribed (Smantetal.1998).
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GenEST, a powerful bi-directional link between cDNA
sequence data and gene expression profiles generated by
cDNA-AFLP
ABSTRACT
The release of vast quantities of DNA sequence data by large scale genome and
Expressed Sequence Tag (EST) projects underlines the necessity of the development of
efficient and inexpensive ways to link sequence databases with temporal and spatial
expression profiles. Here we demonstrate the power of linking cDNA sequence data
(including EST sequences) with transcript profiles revealed by cDNA-AFLP, a highly
reproducible differential display method based on restriction enzyme digests and
selective amplification under high stringency conditions. Wehave developed acomputer
program (GenEST) that predicts the sizes of virtual transcript derived fragments (TDFs)
of insilicodigested cDNA sequences retrieved from databases. The vast majority of the
resulting virtual TDFs could be traced back among the thousands of TDFs displayed on
cDNA-AFLP gels. Sequencing of the corresponding bands excised from cDNA-AFLP
gels revealed no inconsistencies. As a consequence, cDNA sequence databases can be
screened veryefficiently toidentify genes withrelevant expression profiles. Viceversa,it
is possible to switch from cDNA-AFLP gels to sequences in the databases. Using the
restriction enzymerecognition sites,theprimer extensions and the estimated TDF size as
identifiers, the DNA sequence(s) corresponding to a TDF with an interesting expression
pattern canbeidentified. Inthispaper, we show examples inboth directionsby analyzing
the plant parasitic nematode Globodera rostochiensis. Various novel pathogenicity
factors were identified by combining ESTs from the infective stage juveniles with
expression profiles of about 4,000 genes in five developmental stages produced by
cDNA-AFLP.
KEYWORDS: cDNA-AFLP, EST, functional genomics, bioinformatics, potato cyst
nematode
INTRODUCTION
With the advent of high throughput techniques for DNA sequencing, whole genome
sequences from several organisms have become available (1,2) and many others will be
available inthenearfuture. Atthe sametime,millions of expressed sequencetags (ESTs)
- single pass sequences of cDNA clones selected randomly from a library - have been
generated and deposited in public and private databases. Searching for homologous
sequences in databases is usually the first step used towards understanding the functions
of newly identified genes. Homology information is useful for orthologous genes, but in
the case of paralogs thevalue of this information maybe more limited. Furthermore, itis
often found that a significant proportion (40% to 60%) of newly identified DNA
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sequenceslackhomology withgenes,for whichthefunctions areknown (2,3).Additional
toolsaretherefore neededtoallowfunctional analysisofnewly identified genes.
Biological responses and developmental processes areprecisely controlled atthe level
ofgeneexpression. Information onthetemporal and spatialregulation of gene expression
often sheds light onthepotential function of aparticular gene.Hence,an essential aspect
of functional genomics is the transcriptome, i.e., the analysis of expression patterns of
genesatalargescale.Therearecurrently threehighthroughputtechniquesfor large scale
monitoring of gene expression: serial analysis of gene expression (SAGE) (4),
hybridization-based methods (5,6) and gel-based RNA fingerprinting techniques such as
differential display (7)and cDNA-AFLP (8).Inprinciple, SAGEcanprovide quantitative
data concerning gene expression. However, it is expensive and labor-intensive when
multiple sample points are to be compared. Microarray technology is very powerful in
generating abroad view of gene expression. Unlike cDNA arrays, oligonucleotide arrays
are able to distinguish between highly homologous sequences. However, the design of
oligonucleotide arrays requires comprehensive sequence knowledge at present only
available for a small number of organisms. cDNA-AFLP is an inexpensive gel-based
methodfor analysisofgeneexpressionpatternsandcanbeperformed inanylaboratory.
In the cDNA-AFLP procedure, cDNAs synthesized from mRNAs isolated from
various sample points are digested by two restriction enzymes. Oligonucleotide adapters
arethen ligated tothe resulting restriction fragments to generate template DNA for PCR.
PCR primers complementary to the adapter sequences with additional selective
nucleotides at the 3'ends allow for specific amplification of a limited number of cDNA
fragments. Unlike differential display methods that make use of small random primers
(7),relatively high annealing temperatures can be used and, hence, cDNA-AFLP is more
stringent and reproducible. In contrast to most hybridization-based techniques, cDNAAFLP will distinguish between highly homologous genes from gene families while
(contrarytooligonucleotide arrays)nosequenceforeknowledge isneeded.
Since sequence information is accumulating at an unprecedented rate for a wide
variety of organisms, there is anurgent need for efficient andinexpensive ways to screen
these databases on genes with interesting expression profiles. Here we report on the
advantages of combining ESTs with cDNA-AFLP data. The potential benefits of this
combination in gene discovery and functional analysis prompted us to develop a
computer program that creates restriction patterns of cDNAs insilico in accordance with
the enzyme combinations used in cDNA-AFLP. The resulting virtual cDNA fragments
are ordered according to the extensions of the amplifying primers and their sizes. These
virtual fragments can then be traced back on cDNA-AFLP gels to identify the
corresponding bands, with primer extensions and fragment sizes as a unique identifier.
The program can also be used in the opposite direction by using the size and primer
extensions of apotentially interesting band identified on acDNA-AFLP gel as criteria to
search the corresponding cDNA. This simplifies the procedure of cloning full-length
geneswithinterestingtemporal and spatialexpressionpatterns.
Inthis paper, we demonstrate the utility of theprogram by linking EST sequence data
and expression profiles of about 4,000 genes from the potato cyst nematode Globodera
rostochiensis,which causes extensive damage to solanaceous crops. Genes potentially
related to the nematode's ability to parasitize plants were identified within a pool of
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hundreds ofESTs.We show that thisprogram couldbeuseful in any system where stage
ortissue specific genes aretobeselected from poolsof (uncharacterized) cDNAs.
MATERIALSANDMETHODS
The nucleotide sequences of the ESTs described in this study are available in the
Genbank EST division (dbEST) under the accession numbers BE607308 (GE1867),
AW506364 (GE1782), AW506154 (GE1483), AW506045 (GE1349), AW505895
(GE1133), AW506065 (GE1373), AW506280 (GE1659), AW506299 (GE1699),
AW505736 (GE99),AW506094 (GE1409),AW505716 (GE54),AW505855 (GE1084),
AW506406 {GE1816), BE607310(GE2075) andBE607309 (GE1156) respectively.
Generationofexpressedsequencetags(EST)
TheESTsdescribed byPopeijus etal.(9)wereusedinthis study.Briefly, total RNA was
extracted from infective second stage juveniles (J2) of the potato cyst nematode G.
rostochiensispathotype Rol Mierenbos that werefreshly hatched inpotatoroot diffusate
(PRD).cDNAprimed with anoligo(dT) primer wasdirectionally cloned inthepcDNAII
vector (Invitrogen, Leek, The Netherlands). The resulting library contained at least 2.5
xlO6 recombinant plasmids. ESTs were obtained by random sequencing of the library
insertsfrom the5' end.
cDNA-AFLP profile
cDNA-AFLP profiles were generated as described by Qin etal (10). Briefly, total RNA
was extracted from five developmental stages of G. rostochiensis: (D) dehydrated
unhatched J2s in cysts (in diapause); (S)rehydrated unhatched J2s in one-year-old cysts
after exposure to sterile tap water for two days; (H)pre-parasitic J2s (dry cysts incubated
in sterile tap water for one week, then PRD for a second week); (U) developing
nematodes (mostly Jls) in gravid females two months post-inoculation; (P) developing
nematodes (J2s) in gravid females three months post-inoculation. cDNA was synthesized
witholigo(dT)i2-i8asprimer.TheresultingcDNAswerethendigested withtherestriction
enzymes EcoR I and Tag I and ligated to corresponding adapters. The ligated cDNA
fragments were subsequently amplified byEcoR Iand TagIprimers that annealed tothe
adaptersinPCRreactions anddisplayed onpolyacrylamidegels.
GenEST program
GenEST wasdeveloped onLinux usingthe GNUC++ toolset and the Standard Template
Library. It is command line-based and can be run on Unix/Linux and from the MS-DOS
prompt under Microsoft Windows. GenEST (program, source code and detailed manual)
can be downloaded from: http://www.spg.wau.nl/nema/nm res-e.htm (GenEST
hyperlink in Section I.Plant-nematodeinteractions).
A command file can be created with a text editor, which contains restriction
enzyme recognition sites to be used as the begin- and end-tags and the marker
length modifier. Multiple combinations can be defined in a command file. GenEST
uses the begin tag to search for the tag sequence in the cDNA data, which are
contained in the input files in FASTA format. If such a tag is found, it will continue
its search for a matching end tag. This search action is executed in both directions
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for all begin/end tag combinations. The marker length modifier is designed to
compensate for the additional adapter sequences present in the transcript-derived
fragments (TDFs) as they appear on cDNA-AFLP gel.
Furthermore, the identifiers of a band on gel (restriction enzyme recognition
sequences,primer extensions andthe band size) canbeused asa searchquery to quickly
identify corresponding EST(s)inanautomated procedure.

RESULTS
ESTsandcDNA-AFLP-based expression profiles
A cDNA library from second stagejuveniles in the H-stage of the potato cyst nematode
G.rostochiensis was used for the sequencing of 985 cDNA clones. Starting from the 5'end, the average read was about 600 bp (9). In parallel, cDNA-AFLP-based gene
expression profiles were generated from five distinct developmental stages -D, S, H, U
andP-ofthisnematodespecies.Theexpressionprofiles werehighlyreproducibleandno
significant differences were observed between independent replicates. An average
number of 32 bands per lane were displayed using EcoR I and TaqI primers with two
selectivenucleotides (E+NNandT+NN,respectively) extendingbeyond theadapters into
the cDNA. Approximately 8,200TDFs were displayed using the whole set of 256 (16 x
16)primer combinations. In aprevious study (10),it hasbeen shown that genes involved
inplant parasitism are usually up-regulated in the developmental stage S and H or in the
stage H only. Bands showing such expression patterns were excised from gels, cloned
and sequenced. Sequencing of more than 100 TDFs revealed that the marker-based size
estimations corresponded well to the actual size of these TDFs (with an accuracy of ± 1
ntfor bands smaller than 300ntand±3ntfor bandslongerthan 300bp).
Generationofvirtual TDFsfromESTsbyusingGenEST

E+AN
N=A
C
G
T
Total

20
6
12
14
52

E+CN
N=A
C
G
T

17
11
14
33
75

E+GN
N=A"
C
G
T

32*
15
19
22
56*

E+TN
N=A
C
G
T

Total
2
11
14
18
45

228*

Table 1.VirtualTDFsgeneratedafter theinsilicorestriction withEcoRIandTaqIof985 ESTs
randomly picked from a cDNA library from infective juveniles of the potato cyst nematode
Globodera rostochiensis using GenEST. E+AN/CN/GN/TN are the extensions of the EcoRI
primer (coreprimer =E).EachEcoR Iprimer wascombined with all Taq Iprimers (T+NN).
Note:E+GAwillconstitutebothaTaq IandanEcoR Irecognition sequence(GAATTCGA).In
thiscase,TDFswillnotbeamplified andcannotbetraced backoncDNA-AFLPgel.Therefore
theseTDFswerenotincludedinthetotalcount(*).
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WeusedGenEST togenerate virtual TDFs from 985ESTs.EcoR Iand TaqIrecognition
sites were used as begin and end tags with a length modifier of 22 nt to account for the
additional adapter sequences.Thefollowing lineswereincluded inthecommand file:
GAATTC TCGA 22
TCGA GAATTC 22
A total of 228 virtual TDFs derived from 159 ESTs were predicted by GenEST
(Table 1.). Out of these 159 ESTs, 100 were predicted to produce a single virtual
TDF, 51 were predicted to give rise to two virtual TDFs each (thereby generating
102 TDFs), 6 ESTs were predicted to result in three TDFs each (generating 18
TDFs) and two ESTs were predicted to generate four TDFs each (8 TDFs in total).
To estimate how many genes are represented by the 8200 TDFs displayed in our
study, we have randomly extracted 1,000 full length cDNAs of C. elegans from
Genbank (both the size and the average GC content of the G. rostochiensis genome
are similar to C. elegans (11) ). These sequences were processed by GenEST and
336 cDNAs (= 34%, the remaining cDNAs did not contain both restriction sites)
generated 693 virtual EcoR I/ Taq ITDFs. The percentage of genes which produced
TDFs is approximately 48% (336/693 = 48%) of the total TDF number. Assuming
that the average mRNA size and the number of genes of the potato cyst nematode do
not differ substantially from C. elegans, the 8,200 TDFs displayed on cDNA-AFLP
gels in this study would represent about 4,000 expressed genes.
FromESTstothecorresponding TDFsoncDNA-AFLPgels
Thevast majority of the virtual TDFs predicted could belocated on theexpected position
inthecDNA-AFLP gel.Thecases wherenomatcheswerefound between virtual andreal
TDFs could usually be explained by the system used. Here we describe a detailed
analyses of 52 virtual TDFs that were generated in silico using the primers E+AN in
combination with all Taq I primers (T+NN) (Table 1). Multiple TDFs that originated
from asingleESTsequence were allchecked.Matchingbands couldbefound ongels for
41 TDFs.Eight virtual TDFs were smaller than the exclusion limit of 50 nt used in this
study. As expected, these TDFs were not displayed. Lowering the exclusion limit would
allow the display of bands down to 10nt. Among these eight ESTs, six would produce a
second virtual TDF. All these TDFs were identified on gels. Within the size range
analyzed, only three virtual TDFs could not traced back on the cDNA-AFLP gels (see
below).
The TDF computed from EST GE1867 could not be detected. This EST aligned
almost completely with the cloned GR-eng-2 gene from G. rostochiensis(12). Careful
examination ofthe sequence suggested that a 10bpfragment atthe5' end of the EST,in
which a TaqIrecognition site was located, may have originated from another gene. We
therefore assumed that a rare recombination event occurred during construction of the
cDNA library. A second band predicted for GE1867- 399 nt in length with extensions
E+TT/T+TG-wasreadilyidentified ongel.
For oneparticular EST - GE1782- a TaqIrecognition sequence (bold) was found to
be partially nested inside the EcoR I recognition site (GAATTCGA). Contrary to the
E+GA group mentioned inTable 1,theTCGA sequence waslocated atthe outside ofthe
TDF. Following the cDNA-AFLP protocol, the cDNA was first digested with TaqI and,
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as a consequence, the EcoR I site was lost. Hence, in this particular case, the predicted
TDFwasnot amplified.
ESTs GE1349and GE1483were predicted to produce four TDFs. All four TDFs of
GE1349werelocated ongelsatthepredicted size.For GE1483,oneband wasfound, but
theotherthreeonewere smallerthanthecut-off sizeof thegel.
In summary, from a total of 52 TDFs predicted to be produced by E+AN,just one,
from EST GE1133, could notbelocated atthepredicted size andprimer extensions.This
minor discrepancy between the GenEST prediction and the bands displayed on gel may
be caused by aPCR or sequencing error. It is concluded thatpredicted TDFs from ESTs
can alwaysbetraced back oncDNA-AFLP gels,when takingPCRand sequencing errors
intoaccount.
Validation ofvirtual TDFsbysequencing thematching bands
As has been described above, sequencing of more than 100 bands excised from cDNAAFLP gels showed that the marker-based size estimation was highly accurate. This
accuracy wasfurther confirmed by sequencing 24bands that matched with virtual TDFs.
Sequencing of these matching bands revealed no inconsistencies with the computed
TDFs. Itistherefore concluded thatthreeidentifiers - the restriction enzyme recognition
sites, the primer extensions and the size of the band - are sufficient to find the
correspondingrealTDFsoncDNA-AFLPgels.
Expression patternsofvirtual TDFsderived from ESTs with putative housekeeping
functions
We chose several ESTs with putative housekeeping functions and investigated whether
we could find TDFs from these genes on cDNA-AFLP gels at the appropriate positions
andwiththeexpected constitutive expression pattern.
ESTsequences GE1373,GE1659and GE1699sharehighhomology (BLASTX expect
value < e"30) with elongation factor 1-p from various organisms; GE99 shares high
homology (E-value= e )with40 Sribosomal protein S20and GE1409is likely to bea
ribosomal protein L20 homologue (E-value = e"41). These proteins are essential
components in protein synthesis and are constitutively expressed in most eukaryotic
organisms. For all individual ESTs, GeneEST predicted the generation of at least one
TDF. Examination of cDNA-AFLP gels showed discrete bands atthe rightpositions and
virtually equalband intensities wereobserved inthefive developmental stages.From one
of the developmental stages, the amplification products were cloned and sequenced. The
resulting sequences were found to match perfectly with the corresponding EST
sequences.
These results show that the expression profiles were in accordance with the predicted
functions of the ESTs and that it is feasible to discard or select ESTs by analyzing the
expression patternsofthepredicted TDFs(seebelow).
ESTtocDNA-AFLP:discardingESTsonthebasisofexpression profiles
FormanyESTsnofunction couldbeinferred from homology searches.About40%ofthe
ESTs obtained from G. rostochiensiswere categorized as unknowns and many of these
genes seemed to be nematode-specific. Proteins encoded by these nematode-specific
genes are presumably important in nematode physiology and a few among them may be
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related to parasitism of host plants (9). Examination of the expression profiles of the
virtual TDFs provides valuable information whether such ESTs deserve further
investigation or not. This is exemplified by ESTs GE54 and GE1084. GE54 was
predicted to produce a TDF with extensions E+TC/T+AG and a size of 138 nt and
GE1084with extensions E+AC/T+AC and a size of 85. Their corresponding TDFs were
readily identified on cDNA-AFLP gels (Fig. 1). Both bands displayed a constitutive
expression pattern throughout the five developmental stages.This argues against a direct
function oftheproteinsencodedbythesetwogenesinplantparasitism.
ESTtocDNA-AFLP:selectionofESTsonthebasisofexpression profiles
GE1156was predicted to produce three TDFs (E+CA/T+TT/65 nt; E+CT/T+GG/73 nt;
E+GC/T+AT/82nt).Ateachofthepredicted positions,abandcouldbefound. Thebands
in the hatched J2 stage showed the highest intensity. Sequence alignment revealed that
GE1156 was similar to the dorsal gland specific gene GR-dgl-2 from the potato cyst
nematode (10). GR-dgl-2 was previously shown to be specifically expressed in PRDhatched J2. In situ hybridization revealed specific expression of GR-dgl-2 in the dorsal
gland of the nematode. The proteins produced by this gland may be involved in the
induction of a feeding site, a so-called syncytium, in the host plant (13). The protein
conceptually translated from the cDNA waspredicted tobepreceded by a signal peptide
for secretion, indicating that this protein might be secreted by the nematode during the
infection process.
GE1867appeared tobe identical toGR-eng-2,one of the |}-l,4-endoglucanasesthat is
secreted by cystnematodes.In situhybridization showed that GR-eng-2was specifically
expressed in the subventral gland (12). Unlike GE1156, G£7867-derived TDF
(E+TT/T+TG/399nt) showed high expression not only at the H-but also in the (earlier)
S-stage. This points to an earlier transcription activation of subventral gland specific
genes. The proteins encoded by these genes may be important in the early infection
process,viz.penetration andmigration intheplantroot.

cDNA-AFLP to EST:finding (near) full-length cDNAs corresponding to TDFs with
relevantexpression patterns
Theextensions of the EcoRI-primer,theextensions of the TaqI-primerand the sizeofa
band on cDNA-AFLP gel constitute aunique identifier for aTDF.These parameters can
beusedtosearch intheESTdatabasetofindanESTthatcanproduce suchaTDF.Inthis
way, TDFs with S-H or H-stage specific expression (i.e. gene expression just prior to
invasion oftheplant) wereusedtosearchthelistof virtualTDFs generated from theEST
database.
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FromESTtoCDNA-AFLP

GE 54 length = 138 nt
Primer extensions E+TC...T+AG

140 nt

; .^iMii

GAATTCTCATTGGCTTCCTTGTTAATTTTTGCCACTTCT
IACCCTTCATTA.TGTTGACAT7ACTGTCTTTTATGTGGG
ATTCCXCAATAGCGTTACACCAAAAACCCTTTCTTCGA

130 nt

FromCDNA-AFLP toEST

B

E+AA/T+TA
260 nt-

M D

S

H U

P

GE1816 length = 251 nt
Primer extensions E+AA...T+TA

250 nt-

Figure 1.Overview of thebi-directional linkbetween ESTs andcDNA-AFLP expression profiles
established by GenEST. Panel A: From EST to cDNA-AFLP expression profiles. The predicted
TDF of EST GE54 with primer extensions E+TC/T+AG and a size of 138 nt was readily
identified oncDNA-AFLPgel.Panel B:FromcDNA-AFLPtoEST.Aband on gel was amplified
with primer extensions E+AA/T+TA and the size of thisband was 251nt. These identifiers were
usedto search thevirtualTDFlistgeneratedby GenEST.ThecorrespondingESTwas identified.
M: molecular ladder; D, S, H, U, P represent five different developmental stages of the potato
cyst nematode. D: unhatched J2 in diapause, S: unhatched J2 after diapause, rehydrated for 2
days in water, H: freshly hatched J2 in potato root diffusate, U: developing nematodes (Jl) in
gravid females two months post-inoculation, P: developing nematodes (J2) in gravid females
threemonths post-inoculation.

One TDF specifically expressed at the H stage with extensions: E+CC/T+CT/ and 137
nt in length matched perfectly with the parameters of the predicted TDF from EST
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GE2075.This band was subsequently cloned and sequenced. The sequence showed99%
matchtoEST GE2075. With thehelpof GenEST,thegene sequence representing thisHstage specific bandwasextended fromjust 137bpto477bp(Table2).Bysequencing the
original plasmid of EST GE2075from the 3'end, the cDNA sequence was extended to
685 bp.
Another band displaying high expression in Sand H stages with extensions of E+AA,
T+TA and a size of 251 nt matched perfectly to the predicted TDF from ESTGE1816
(Fig. 1). Analysis of this EST sequence revealed that the longest open reading frame
contained 107aminoacids.Thisgenehadnosignificant homology withexisting genesin
public databases. Use of the SignalP program (14) predicted that the protein had a
cleavable signalsequence atitsN-terminusthatpresumably targetsthematurepeptide for
secretion. Hence the combination of cDNA-AFLP and EST analysis has allowed us to
identify this gene as worthy of further study for its potential role in nematode parasitism
ofplants.
These two examples illustrate another benefit of combining cDNA-AFLP and
EST, which is to facilitate the cloning of full-length cDNA sequences from which
interesting TDFs are derived. The corresponding gene can be readily identified from
the EST database even without cloning and sequencing the TDF displayed on gel.
Once the corresponding EST is identified, obtaining (nearly) full-length sequence is
relatively simple by sequencing the entire cDNA insert from which the EST was
originally derived.
In Table 2, four examples of putatively interesting ESTs and their corresponding
TDFs are given. In Fig. 1, an overview of the bi-directional link between ESTs and
cDNA-AFLP expression profiles established by GenEST is given.

Starting point

Corresponds to

E+AA/T+TA/
251nt

GE1816

E+CC/T+CT
/137nt
GE1156

GE2075

GE1867

E+CA/T+TT/65nt
E+CT/T+GG/73nt
E+GC/T+AT/82nt
E+TT/T+TG/399nt

Expression
pattern ongel
TinSand H

TinH
t H(threeTDFs,
samepattern
observed)
Tin SandH stages

Homology to
Unknown,predicted to
havea signalpeptide for
secretion
Nematode dorsal gland
specific geneGR-dgl-2
Nematode dorsal gland
specific geneGR-dgl-2
GR-eng-2 from potato
cyst nematode

Table2.Genesselectedonthebasisof acombinatorial useofESTsequencesandcDNA-AFLP
datafrom thepotatocystnematodeGlobodera rostochiensis. Ineachdirection,thebi-directional
program GenEST allowed for the selection of putatively pathogenicity-related genes out of
hundredsofESTsequencesandexpressionprofilesofthousandsofgenes.
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DISCUSSION
In this paper, we present an efficient and bi-directional link between (partial) cDNA
sequences and gene expression profiles as generated by cDNA-AFLP. A program called
GenESTestablishesthislink.Theaddedvalueof combiningcDNA sequence information
and cDNA-AFLP profiles is illustrated for one particular case, namely the search for
putative pathogenicity factors from a plant parasitic nematode, G. rostochiensis.On the
one hand, GenEST enabled us to find the expression profile of a given EST among the
profiles of thousands of genes.Theother way around, it allowed for a quick extension of
TDFs by searching for the corresponding EST(s). As we have shown that the restriction
enzyme recognition sites, the primer extensions and the size of the band displayed on
cDNA-AFLP gel constitute a unique set of identifiers for a TDF, the corresponding
(nearly) full-length cDNA can be identified even without cloning and sequencing of the
TDFofinterest.Inthis way,thebottleneck of identifying the (near)full-length cDNAsin
highthroughput functional genomics studies using gel-based gene expression monitoring
systemscanbeovercome. Sincedatabase similarity searches aremorerobust whenusing
longersequence fragments, thepossibility ofmoving directlyfrom ashortTDFtoamuch
longerESTmaybeveryuseful infurther characterizing theputativefunction of agene.
UseofGenESTfortheselectionofputativepathogenicity factors
Selection onthebasis of expression profiles of the 228 virtual TDFs that were produced
by in silico restriction of 985 ESTs with EcoR I and Taq I revealed four putative
pathogenicity related genes. One was a known gene encoding a cellulase (12).GE2075
and GE1156displayed strong homology with a nematode secretory gland specific gene
GR-dgl-2,indicating a possible role in the parasitism of host plants. GE1816is a novel
gene. Itsfunction willbe studied further toreveal its role in nematode infection process.
It is noted that this is the result of a small-scale pilot experiment only. Already at this
scale, the value of GenEST that combines two high-throughput technologies is evident:
four putatively pathogenicity-related genes were selected out of hundreds of EST
sequences and expression profiles. The applicability of this freely available tool is broad
as long as the expression of genes of interest is strictly limited, either spatially or
temporarily.
Furtherapplicationsof GenEST
Contrary to EST approaches, the cDNA-AFLP technique is not biased toward abundant
transcripts anddoesnotinvolveaselectiononinsertsize.Moreover,thereisnounwanted
selection due to intolerance of E. coli towards a subset of the inserts. To estimate the
fraction of genes not tagged by ESTs, Penn et al. (15) have spotted 10,000 predicted
ORFs from the human genome on an cDNA-array andmonitored the expression of these
ORFs under various conditions. They concluded that potentially up to 30%of the genes
in the human genome will not be discovered by an EST approach. A similar experiment
could be performed by linking cDNA-AFLP and EST data with GenEST. Failure to find
a good match for a TDF shown on cDNA-AFLP gel in a large-scale EST database is
informative. Thecorresponding geneispresumably anovelgeneexpressedatalow level
or a small gene or a gene refractory to cloning in E.coli.An advantage of our approach
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is that ESTs and cDNA-AFLP are not linked physically as is the case for cDNA arrays.
This avoids the amplification and spotting thousands of EST clones, saving huge logistic
efforts.
Besides generatingrestriction patterns of sequences,GenEST can alsobe used to find
other sequence motifs in alarge data set, aprocess which is often tootime-consuming to
be done manually. To illustrate this application, GenEST was used to predict the
occurrence oftrans-splicedleader sequencesfrom adatabase composed of approximately
1,000 ESTs of the root knot nematode Meloidogyne incognita. In many nematode
species, up to 70% of the mature mRNAs are frans-spliced with a 22 nt leader sequence
tothe5' endofthemRNAs(16).WhenEcoR Irecognition sequenceinthecommand file
is replaced with the trans-splicedleader sequence, all the ESTs containing this sequence
can be quickly identified using GenEST. This information can be used to estimate the
fraction of full-length cDNAspresentinalibraryandtocheck whether theencoded open
reading frames start with a peptide signal for secretion. This latter process could be
further streamlined byestablishing alinkbetween GenESTand search algorithms suchas
SignalP.
AFLPtechniques havebeen used extensively ingeneticmappingin variousorgansims
and a large number of AFLP markers associated with genes of interest have been
identified (17,18). Such markers combined with a fully sequenced genome (e.g.
Arabidopsis thaliana (19)) could facilitate the efficient cloning of target genes. To this
purpose, GenEST canbe adapted toassist in the identification of thephysical locus ofan
interestinggenebyusingtheidentifiers ofappropriateAFLPmarkers.
Furtherimprovement oftheESTcoverage
Only 16%(159/985 * 100%)ofthe985ESTsweredigested insilicoby EcoR I andTaq
I. To increase the percentage of ESTs from which virtual TDFs are obtained, a set of
alternative rare cutters including Nco I, Kas I and Ase I are currently being used in
combination with TaqI.Withthreeadditionalprimer combinations,morethan half ofthe
EST sequences (1- (1-0.16)4= 50.2%) willproduce atleast one virtual TDF,which could
be identified on cDNA-AFLP gels. To further increase the coverage of the EST
population, cDNA-AFLP can be performed with two frequent cutters. Alternatively,
cDNAs could be digested with a frequent cutter only and ligated to the corresponding
adapter. Subsequently, 3'-anchored cDNA-AFLP could be performed using an oligo(dT)
primer in combination with the rare cutter adapter primer. This approach may be
especially useful with organisms for which the entire genome has been sequenced or for
which large scale 3'-end EST sequencing has been performed. Moreover, by increasing
thefraction of full-length cDNA sequences, the chance tofind atleast one corresponding
TDFsongelwouldimprove significantly.
As shown in this study, the ability to switch between sequence data and expression
profiles revealed by cDNA-AFLP and vice versa is a very powerful approach to select
genes for further research. This novel link provided by GenEST will be useful for
functional genomics studies and is applicable for any organism where differentially
expressed genes are of interest. The source code of GenEST program is freely
downloadable.Theuserisfree tomodify the existingprogram according tohis/ her own
wishes.
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Identification ofanexpansin-likeprotein from thepotato
cyst nematode
Abstract
Expansins areextracellular plant proteinsthat unlock networks of cell wall polymers,
thereby increasing cell wall extensibility. Here, we report the identification of GrExpBl, a homologue of plant expansins from the potato cyst nematode Globodera
rostochiensis, an obligatory plant parasite. The C-terminal part shows significant
homology to the catalytic domain of a (3-expansin-like protein from Nicotiana
tabacum(38% identity, 47% similarity). The N-terminal part of GR-EXPB1 closely
resembles anumberofnematode cellulosebindingdomains (CBDs)(40-42%identity,
53-57% similarity),previously identified as family II CBDs.The nematode expansin
gene was specifically up-regulated in infective second stagejuveniles and expressed
only in the subventral secretory glands. Moreover, this nematode protein was
predicted to be preceded by a signal peptide for secretion. Expression of the putative
pathogenicity factor Gr-ExpBl in tobacco resulted in a significant increase in pexpansin activity and expansin activity was also detected in homogenate of infective
juveniles. In combination with cell wall-degrading enzymes, this nematode expansin
couldfacilitate intracellularmigrationthroughtheplantroot.

Introduction
Feature ofplantcellwall
Plant cell walls are important structures in maintaining the integrity of plant cells,
regulating their growth and defending the plant against invading pathogens. The
backbone of the primary cell walls is a network of interwoven crystalline cellulose
microfibrils. These microfibrils are embedded in a matrix of pectins and
hemicelluloses. These matrix polysaccharides associate with cellulose chains mainly
bynon-covalentlinks[1].
Plantcellwallloosening
Cell wall loosening typically coincides with the differentiation of plant cells. As the
extensibility of cellulose microfibrils is limited, an active loosening of the primary
cell wall is a prerequisite for the expansion of small meristematic cells. Both auxin
and a low pH increase the extensibility of primary cell walls,aphenomenon referred
to as 'acid growth'. Active wall proteins are necessary for low pH-induced cell wall
extension [2].Theseproteinswereidentified andnamed expansins[3].
Expansins
Two, remarkably diverged groups of expansins can be distinguished, a- and 0expansins. Both types increase the extensibility of cell walls without hydrolyzing the
wall polymers. Arabidopsis has approximately 25 oc-expansin genes, and similarly
large families have been identified in rice,tomato and tobacco [4]. (3-expansins were
originally identified aspollen allergens. In 1997,they were shown topossess apotent
plant cellwall-loosening effect [5].Themajority of the p-expansins cloned sofar was
isolated from monocots. It is proposed that expansins move along the cellulose
rv-2
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surface and disrupt the non-covalent bonding between cellulose microfibrils and
matrix glycans that are attached to the microfibrils. Expansins are extracellular
proteins and consist of two distinct domains. The N-terminus is the putative catalytic
domain with limited sequence similarity to family-45 endoglucanases and the Cterminus contains several aromatic residues on the surface that may function as a
cellulose-binding domain [4]. They are thought to be involved in a wide range of
physiological processes, including plant cell growth, pollen tube penetration of the
pistil, cell wall disassembly during fruit ripening, leaf primordium initiation and
abscission [6].Sofar, thedistribution of expansins seemstobelimited tolandplants.
Plantparasitic nematode
Unlike most other animals, plant cell wall degradation by the potato cyst nematode
Globodera rostochiensis - an obligatory plant parasite - does not depend on the
presence of asymbiont. (3-1,4-endoglucanases and apectate lyase areproduced inthe
subventral esophageal glands of the infective juvenile and these enzymes are secreted
into plants to facilitate the migration of the nematode in the plant root [7-9]. The
subventral esophageal glands are activated upon hatching and they remain highly
active during migration. Thereafter, the density of the secretory granules in the
ampullae of these glands decreases. Hence, activity of the subventral glands is
associatedwithmigration ofthenematodethroughtheplantroot.
In this paper, we describe the identification of expansin-encoding gene, Gr-ExpBl,
from the potato cyst nematode. This gene is abundantly expressed in the subventral
secretory glands of this nematode and, therefore, probably related to migration in the
plant root. Expansin activity was shown in crude protein extracts from infective
juveniles of G. rostochiensis. Moreover, expression of the putative expansin GrExpBl intobaccoresulted ingreatly enhanced expansin activity.Ourresults showthat
the distribution of expansins is notper se limited to theEmbryophyta. Tothebest of
our knowledge, the potato cyst nematode G. rostochiensisis the first example of an
animalproducinganexpansin.

Material andMethods
Nematode culture
G. rostochiensispathotype Rol-Mierenbos was used in all experiments. Nematodes
werereared andhatched asdescribed previously [10].
ESTsequence
AcDNAlibrary was made from potato root diffusate-hatched, second stagejuveniles
(J2) of the potato cyst nematode G. rostochiensis [7]. ESTs were obtained by
randomly sequencinglibrary insertsfrom the5' end [11].
cDNA-AFLPanalysis
cDNA-AFLP analysis was performed essentially as described [12]. RNA was
extracted from five developmental stages of G. rostochiensis: (D-dormant)
dehydrated unhatched second stagejuveniles (J2's) in cysts (in diapause); (S-soaked)
rehydrated unhatched J2's in one-year-old cysts after exposure to sterile tap water for
two days;(H-hatched) pre-parasitic J2's (dry cysts were incubated in sterile tap water
for one week, tap water is replaced by potato root diffusate (PRD) in the second
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week); (U- undifferentiated into J2's) developing nematodes in gravid females two
months post-inoculation; (P-pre-diapause) developing nematodes in gravid females
three months post-inoculation. In the restriction enzyme combination EcoRl - Taql
originally used by Qin et al. [12], the rare cutter EcoRl was replaced by Kasl. The
adapters andtheprimerswerereplaced accordingly. Theprimers corresponding tothe
Kasl and Taqladapters (without extension) areindicated as 'K' and 'T', respectively.
KasUTaql fragments were amplified with the following primer combinations:
K+T/T+TC.
Sequence analysis
DNA sequences were analyzed using the Laser gene software package DNASTAR
4.00 (Madison, WI, USA). Database search was done using Blast service at the
National Center for Biotechnology Information (NCBI)andWU-Blastp2 atEuropean
Bioinformatics Institue (EBI). The computer algorithm SignalP [13] was used to
predict the presence of a signal peptide for secretion and the corresponding putative
cleavagesite.
Hydrophobic cluster analysis(HCA)
HCAplots weremadebyusing theprogram HCA-PLOT V3.0 (Doriane,LeChesnay,
France). In these plots, the amino acid sequence of the proteins is drawn on a
duplicated helical net using the standard one-letter code except for P, G, T and S
which are represented by stars, diamonds, squares and pointed squares, respectively.
Clusters of hydrophobic residues (V, I, L, F, W, M, and Y) are automatically drawn
on the bi-dimensional helical representation. Analysis of the plots was performed as
describedintheresults[14].
Southernblot
ThegenomicDNAwasisolated asdescribed [15].
Primers:
gDNACBPF2 (5'-GAGCTCCTCTGAAGCAATTC-3')
gDNACBPRl(5'-AACACTGTATAAACCTTTATGCAATT-3')
annealing to the extreme 5' and 3' ends of the cDNA were used to amplify a 2.4 kb
genomicfragment. ThetemplateinthisPCRreaction isgenomicDNA.
Primers:
CBPforl (5'-ATGGTTTATTGAAAAATTCGTTG-3')
CBPrevl(5'-CCTGTCTCGACAAAAGAGTCC-3')
were used to amplify afragment of 409bp (tothe 3' end of CBD) from the genomic
DNA of Gr-ExpBl. This fragment was then used as a template for DIG labeling
(Roche Diagnostics, Mannheim, Germany). About 2.5 (Ag of genomic DNA was
digested each by Eco RI, separated on 0.8% percent agarose gel and blotted as
described [16]. Hybridization was performed at 40 °C overnight in DIG Easy Hyb
solution (RocheDiagnostics).The filter waswashed twotimesin0.1xSSC/0.1%SDS
solution before detection. Alkaline phosphatase activity was detected using DIG
Luminescent Detection Kit (Roche Diagnostics) and the chemiluscent signal was
exposed onX-ray films.
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Insituhybridization
Nematode fixation, hybridization and detection steps were performed as described
[12].ForGr-ExpBl probepreparation,ESTcloneGE1163wasamplified withthe
specific primers:
WG-CBPf0r(5'-ATTCTGTGTTTGTTGTGCCTTTTG)
WG-CBPrev(5'-GCTCCGCCACAGACATCG).
For Gr-expB2probe preparation, EST clone GE1032 was amplified with poly(dT)i6
and Ml3 primer (GTAAAACGACGGCCAG), which anneals to the pcDNAII
(Invitrogen, Leek, the Netherlands) vector sequence just upstream of the 5' end of
GE1032. The amplified products were checked on a 1% agarose gel. The antisense
probes were made by asymmetric PCR in the presence of DIG-dUTP (Roche
Diagnostics) using eithertheWG-CBPrevprimer for Gr-expBl orpoly(T)16primer for
Gr-expB2. The labeling reaction was run in a 20 ill volume with 20 ng of the
amplified product from the first PCR as a template. The DIG-labeled probes were
purified through aG50MiniQuick SpinDNA column (RocheDiagnostics) and 10|il
TEbuffer was added. Ineach hybridization reaction, 30illof labeled probe was used.
Alkaline phosphatase activity was detected by the addition of X-phosphate and NBT
(Roche Diagnostics), and labeled infective juveniles were observed under a Leica
inverted microscope (Leica,Deerfield, IL,USA).
Expression ofGr-expBl intobaccoandprotein extraction
For heterologous expression in plants, a cDNA encoding the full-length protein of
GR-EXPB1 was placed under control of Cauliflower Mosaic Virus 35S promoter.
This construct was introduced into binary vector pBIN+ and mobilized into
Agrobacteriumtumefaciensstrain pMOG 101.As a control, plants were transformed
with empty vector pBIN+ [17]. Transformation of tobacco (Nicotiana tabacum;
Samsunnn)wascarried out as described by van Engelen et al [18]. Protein encoded
by Gr-ExpBl was extracted by grinding tobacco leaves in liquid nitrogen and
suspending homogenate in50mMsodium acetatepH4.5.Debris was spun down and
extractwasusedfor theextensometer assay asdescribed below.
Cellwallextensionassay
Cell wall extension assay was essentially performed as described by Cosgrove et al.
[5]. Briefly, a 5-cm segment of an etiolated wheat seedling was cut from the apical
growing region. Subsequently, it was frozen at -20°C, thawed, abraded with
carborundum slurry, heat inactivated and clamped in an extensometer loaded with 20
g constant weight. The inactivated wheat hypocotyl segment was first incubated in 1
ml50mMsodium acetatebuffer (pH4.5) for 45min,then thebuffer wasreplaced by
either 1 mlnematodetotalhomogenate solution or 1 mltobaccoleaf extract. Thetotal
nematode homogenate was obtained by grinding approximately 200,000 J2's in 1ml
50 mM sodium acetate buffer (pH 4.5). In the control experiment, 1 ml 50 mM
sodium acetate buffer (pH 4.5) was used during the measurement. The cell wall
extension was recorded in a position transducer attached to the clamp. The
experiments wererepeated fourtimes.
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RESULTS
Twoabundantlyexpressedtranscriptsfrominfectivejuveniles
Random sequencing from the 5' endsof 985 inserts from a cDNA library of infective
juveniles of the potato cyst nematode G. rostochiensis revealed four ESTs -GE1163
(518 bp long), GE1336 (603 bp), GE1055 (615 bp) and GE2019 (414 bp) that
overlapped with each other extensively. To obtain a full-length cDNA, these clones
were sequenced from the 3' end. This resulted in a 1061-bpcDNA contig containing
a 34-bp polyA tail. The longest open reading frame (ORF) contained 816 bp,
encoding aprotein of 271aa. The molecular weight of the putative protein translated
from the cDNA sequence was 28.2 kDa with a pi value of 8.65. The protein was
predicted to have a signal peptide for secretion at position 1-25 [13]and the cleavage
site was located between 25 and 26 (VLAiSV). NO glycosylation site was found
using ScanProsite andNetOGlyc.
As many as 27ESTs were found to share significant homology with the 3' half of
the aforementioned 28.2 kDa protein. These sequences were assembled into one
single contig, the full-length cDNA was shown to contain 684 bp (including a 27-bp
polyA tail).At the 5' end of the assembled sequence, a motif of 'CCAAGTTTGAG'
was found. This motif corresponded to the 3' half of the 22 nt SL-1 sequence which
has been identified in various nematode species including potato cyst nematode
[19;20]. Hence, it is most likely that this gene was frans-spliced by SL-1. The
translated protein consisted of 165 aa and the molecular weight was predicted to be
17.8 kDa with a pi value of 8.03.This apparently abundant protein was predicted to
have a signal peptide for secretion, and the cleavage site was located between 21and
22 (NESiCM).
Temporal and spatial expression pattern of two abundantly expressed
transcripts
Putative pathogenicity factors from the potato cyst nematode are likely to be
expressed solely or predominantly in the infective life stage, the pre-parasitic second
stagejuvenile. On the basis of primary sequence data, a KaslI Taq\digestion of the
28,2 kDa protein-encoding cDNA should result in a transcript-derived fragment
(TDF)of 137nt. Three selective nucleotides (K+Tand
K +T/T+TC
T+TC) were used for the cDNA-AFLP-mediated
visualization of the expression pattern of this TDF.
U f U b H
Yhis particular cDNA was shown to be strongly and
specifically up-regulated in potato root diffusateexposed infective juveniles (Fig.l). The corresponding
^
•—_
band was excised from the gel,cloned and sequenced.
„
J
The sequence matched perfectly with the original
cDNAsequence.

4

Fig.1.TheexpressionpatternofGr-expBlfromthepotatocystnematodeG. rostochiensisas
displayedbycDNA-AFLP.ThecorrespondingcDNAfragment wasamplified usingK+Tand
T+TC.The arrow-pointed band was excised from gel,cloned and sequenced. Thesequence
matchedperfectly withthe original cDNA sequence.These stages areindicated bycapitals.
U:developing nematodes (Jl) in gravid females twomonthspost-inoculation, P:developing
nematodes(J2)ingravid femalesthreemonthspost-inoculation.D:unhatchedJ2indiapause,
S:unhatchedJ2afterdiapause, rehydratedfor2daysinwater,H:freshlyhatchedJ2inpotato
root diffusate.
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To investigate where these two genes were expressed in the nematode, in situ
hybridization wasperformed onpreparasitic second stagejuveniles. Antisense probes
of both genes hybridized specifically to the subventral gland of the nematode with
strong intensities. The signal of the 17.8 kDa protein-encoding cDNA was stronger
andmorediffused ascompared toits28.2kDaequivalent (Fig.2).
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Fig. 2. In situ hybridization using probes derived from Gr-expBl and B2 from G.
rostochiensis.Labeling was donein preparasitic J2. A: labeling pattern using a Gr-expBl
antisenseprobe.B:labelingpatternwithaGr-expB2 antisenseprobe.C:Atypicalimageofa
sense probe labeling. Arrows point at the subventral glands (S) and the metacorpus (M)
respectively.Scalebar=20 urn

Sequenceanalysisofthe28.2kDaputativepathogenicity factor
The program WU-blastp (matrix: blosum62) was used to do homology searches for
thethreefunctionally distinct regionspresentinthepredicted matureprotein:
(1) The N terminal part of the mature protein (aa residues 26-118) shared high
homology with the cellulose binding domains (CBDs) of nematode cellulases. The
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overall identity with CBDs of GR-ENG1 (AF056110), GT-ENG1 (AF182392) and
MI-ENG1A (AF323087) from G. rostochiensis, G. tabacum solanacearum and
Meloidogyne incognitawas 42%,41%and 40% respectively, while E values ranged
from 2.0 e-12 to 6.7 e-10. These nematode CBDs all show significant similarity to
type II CBDs (Prosite: PDOC00485; Pfam: PF00553). This type is previously only
found inbacterial enzymes,whichhasatypical sizeof 90-108aa[21].
(2) Interdomain linker extends from amino acids residue 119to 149.The linker is
rich in G, S and P, residues that enhance flexibility between two functional parts of
theprotein [22][23].
(3)TheC-terminalpart of the 28.2kDa putative pathogenicity factor (aa 150-271)
showed high homology with a conceptually translated unknown gene ORF 11 from
Streptomyces lavendulae (AF127374) (36%identity, 50%similarity, E value =4.6 e11) [24].Significant homology was also found with the C-terminal part of themap-1
gene (AJ278663), which encoded a putative avirulence protein secreted from the
amphids of the root knot nematode Meloidogyne incognita (35% identity, 49%
similarity, E value = 2.1 e-10) [25].Bothproteins werepredicted tobe preceded by a
signalpeptidefor secretion.
The C-terminal part of this protein also shared significant homology with a (3expansin-like protein (called PPAL) from Nicotiana tabacum (AAG52887; 38%
identity, 47% similarity, E value of 2.2 e-5) and a putative p-expansin from
Arabidopsisthaliana(004484;36%identity,46% similarity,E value of 0.0006). The
homology between this 28.2 kDa protein and p-expansins is restricted to the Nterminal putative catalytic domain. Comparison between the 28.2 kDa protein and
expansins revealed a series of conserved cysteine residues. In addition to this, a
number of amino acid motifs indicated tobetypical for the catalytic domain of a- and
p-expansins [4] were represented in the 28.2 kDa putative pathogenicity factor (Fig.
3). Based on the fact that this protein showed a remarkable number of expansin
characteristics, it was decided to indicate this 28.8 kDa protein provisionally as 'GREXPB1' andthecorresponding gene as 'Gr-ExpBl'.

6 12 14-15 21

GR-EXPB1:

26

30

56 59-6062

67

90 104 110-112

117-118134

F TFYG AG RGACGLD LFK G VDAC ICK CP CT HTOLSI AF G

Nt-P-exp: FTWYGAG GGACGYG LFKGCGAC ICK CPCGHFDLSGAFGG
At-P-exp: W TGYG SDGGACGYG LFK GCGACACSCPCVHFDLSGAFGG

Fig. 3. Comparison of GR-EXPB1 with the putative catalytic domains of two other Pexpansin-like proteins: Nt-P-exp is a P-expansin-like protein from Nicotiana tabacum
(AAG52887)andAt-P-expisaputativep-expansinfromArabidopsis thaliana (004484). The
underlinedaminoacidresiduesrefertotheconservedresiduesbetweena- andP-expansinsas
proposed by Cosgrove [reference 4, Figure 1]. The numbers indicate the position of the
residuesintheoriginalfigure.
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Sequenceanalysisofthe 17.8kDaputativepathogenicity factor
At the nucleotide and at protein level the 17.8 kDa encoding cDNA and 'Gr-ExpBl'
showedhomologies of 84%and75%, respectively. Therefore, this 17.8kDa encoding
cDNA was provisionally indicated as 'Gr-ExpB2'. Although the N-terminal part of
'GR-EXPB1' corresponding to the CBD region was completely absent in 'GREXPB2', the signal peptide sequence wasremarkably similar; 12aa out of first 18aa
were identical.Just like 'GR-EXPB1', 'GR-EXPB2' showed significant homology to
the C-terminalpart of the map-1gene of the root knot nematode M. incognita (36%
identity, 51% similarity, Evalue = 1.1 e-13) and to ORF11from S.lavendulae (29%
identity, 46% similarity, E value = 6.5e-8). The homology of 'GR-EXPB2' with(3expansinsislowerascompared to 'GR-EXPB1'.
Secondary structureprediction usinghydrophobic clusteranalysis (HCA)
To check whether the observed homology at the protein sequence level between the
nematode expansin-like proteins and plant expansins is also reflected at the protein
structure level, HCA plots of 'GR-EXPB1' was compared to OS-EXPB5 (a rice
putative (3-expansin, accession number AF261273) and CS-EXP1 (an cc-expansin
from cucumber, accession number U30382).Analysis of theposition and shape of the
hydrophobic clusters revealed eight conserved hydrophobic clusters in all protein
sequences (Fig. 4). Some of the conserved regions shown in Fig. 3 also fall into
similar hydrophobic clusters. This analysis indicated that the secondary structure of
'GR-EXPB1' issimilartothoseofplant expansins.
Southernblot
To study the genomic organization of these genes, Southern blot was performed with
probes derived from the C-terminal region of 'Gr-ExpBl'. Using a 409-bp genomic
sequence as aprobe, five bands were observed on the blot, indicating there might be
morerelated genesinthe genomeofG. rostochiensis (Fig.5).
Cellwallextension assay
The striking number of expansin characteristics of the 28.2 kDa nematode protein,
'GR-EXPB1', prompted us to do an cell wall extension assay on homogenate of
infective second-stagejuveniles of thispotatocystnematode. Remarkably, addition of
nematode homogenate induced rapid extension of heat-inactivated cell walls of wheat
hypocotyls (Fig.6).This activity is specific and characteristic for (plant) expansins.In
control experiments with the relevant buffer (50mM sodium acetate), the extensional
ratewassignificantly lower (dataincluded inFig6).
Subsequently, 'Gr-ExpBl' was expressed constitutively in tobacco. Mature leaf
material from four independent transformants was homogenized in 50 mM sodium
acetateandtheexpansin activityinthe solubleproteinfraction wascompared withthe
soluble protein fraction from plants transformed with the empty pBIN+ vector.
Protein extracts from all four 'Gr-ExpBl'-harbouring plants were shown to have a
significantly higher expansin activity as compared to control plant extracts (Fig. 7).
Based on these results it was decided tochange the provisional name of the 28.2kDa
putativepathogenicity factor, 'Gr-ExpBl', into Gr-ExpBl. Itremainstobe established
whether 'Gr-ExpB2'iscodingfor anematode expansin.
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Fig.4. Hydrophobic cluster analysis of the C-terminal part of 'GR-EXPBl', 0S-EXPB5 (a
riceputative p-expansin, accession number AF261273) and CS-EXPI (an a-expansin from
cucumber,accessionnumberU30382).Analysisofthepositionandshapeofthehydrophobic
clustersrevealedeightconservedhydrophobicclustersinallprotein sequences.Shadedareas
aretheconservedblocksasshowninFig. 3.

DISCUSSION
Todate,expansins werethought tobetypicalplantproteinsinvolved inplantcellwall
loosening.Here,itisshown that anobligatory plantparasite,thepotato cyst nematode
G rostochiensis, is able toproduce and secrete expansin. Apart from the homologies
with a p-expansin from N. tabacum and a putative P-expansin from A. thaliana,
expansin activity was shown in homogenate of pre-parasitic second stage juveniles,
the only infective stage of this nematode. Moreover, constitutive expression of GrExpBl in transgenic tobacco resulted in a strongly enhanced activity in tobacco leaf
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extracts. To the best of our knowledge, no expansin genes have been cloned outside
land plants up to now. It is quite remarkable that a plant-feeding animal can also
produceexpansin.
Function ofnematode expansin
Recently, potato cyst nematodes were shown toproduce p-1,4- endoglucanases and a
pectatelyase [7;8].Thesecellwalldegradingenzymes aresynthesized inthe activated
subventral esophageal glands of second stage juveniles. The subventral esophageal
gland activity is enhanced upon exposure to root diffusate of a host plant and the
glands remain active during migration in the plant root. Feeding site induction
coincides with a sharp decrease in the activity of these glands. Gr-ExpBl is
specifically expressed in the subventral esophageal
glands
and the resulting protein possesses a predicted
M
signalpeptide for secretion. Expansins canmove along
23130 bp
the cellulose surface and disrupt the non-covalent
«»bonding between cellulose microfibrils and matrix
9416bp
mm.
glycans. In this way, the cellulose microfibrils and
1
6557 bp
pectate glycans would be more accessible for the
•n** *
nematode cell wall-degrading enzymes. Hence, it is
4361 bp
likely that the newly identified nematode expansin act
mm
synergistically with cellulases and pectate lyase to
facilitate the intracellular migration through the plant
2322 bp
cells. The degeneration (or deactivation) of the
2027 bp
subventral glands during feeding site formation
suggests that nematode-produced expansins play - at
most-aminorroleinthisprocess.
Jfy-wtg

Fig. 5. Genomic Southern blot hybridized with a 409-bp genomic probe derived fromGrexpBl. LaneMismolecularweightmarker;LaneEisloadedwith2.5ugnematodegenomic
DNAdigestedbyEcoRI.

Theuniquestructureofanematode expansin
Plant expansins generally consist of two domains, the N-terminus is the putative
catalytic domain with limited sequence similarity to family-45 endoglucanases and
the C-terminus contains several aromatic residues on the surface that may function as
a cellulose-binding domain [4]. For the cyst nematode expansin GR-EXPB1, the
putative domain structure is inverted. The C-terminal part of GR-EXPB1 shared
homology withN-terminalputativecatalytic domain of (3-expansinsfrom tobaccoand
Arabidopsis, whereas the N-terminal part shows resemblance to family II cellulosebinding domains. The putative catalytic domain of GR-EXPB1 resembles the
catalytic domains of P-expansins from two dicotyledons, tobacco and Arabidopsis,
and is only distantly related to ot-expansins. This can be explained by the limited
conservation between the a- and P-expansins (only 20% amino-acid identity). Pexpansins appear to be highly diverse and abundant in monocots such as rice and
maize. This family is underrepresented in dicotyledons. It is not known whether this
divergence isrelated to the evolution of type Iand type IIprimary cell walls present
in all Dicotyledonae and several Monocotyledonae, and in Poaceae and some
Monocotyledonae including rice and maize, respectively [1]. Potato, tomato and
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eggplant -main hosts of thepotato cystnematode -havetype Iprimarycell wallsand
the effect of (3-expansins on the extensibility of these cell wall remains to be
investigated.
At the C-terminus, plant expansins lack a clear cellulose-binding domain but
structural analysis revealed a domain that could function in polysaccharide binding
[4]. Contrary to plants, GR-EXPB1 includes a domain with significant homology to
family II CBDs, a CBD family that is normally encountered in cellulases from
bacteria. Some family II CBDs can penetrate the cellulose fibers at the surface
discontinuities thereby releasing non-covalently attached fragments and uncovering
new cellulose chain ends [21;26]). The simultaneous addition of family II CBD and
cellulose catalytic domain to a cellulose mixture resulted in an increased hydrolytic
activity compared to the catalytic domain alone [26]. The potato cyst nematode
harbors a new combination of two functional domains, a family II CBD and a Pexpansin catalyticdomain. Itwouldbeinterestingtorecombine thistype IICBDwith
the catalytic domains of plant expansins to see whether this would alter the activity
and/orthe substrate ofplantexpansins.

Sodium acetate buffer

1

Time (min)

Fig.6.Theinactivated wheathypocotyl segment wasfirst incubated in 1 ml50mMsodium
acetate buffer (pH 4.5) for 45 min, then the buffer was replaced by 1ml nematode total
homogenate solution. The total nematode homogenate was obtained by grinding
approximately 200,000 J2's in 1ml 50 mM sodium acetate buffer (pH 4.5). In the control
experiment, 1 ml 50mMsodium acetatebuffer (pH4.5) was used duringthemeasurement.
The cell wall extension was recorded in a position transducer attached to the clamp. The
figureshowstherepresentativeresultfromfourreplicates.
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Fig. 7. The inactivated wheat hypocotyl segment was first incubated in 1ml 50 mM sodium
acetate buffer (pH4.5) for 45 min, then the buffer was replaced by 1ml tobacco mature leaf
extract. Mature leaf material from four independent plants transformed with Gr-expBl (4.9,
4.30, 4.32 and 4.28) and two plants transformed with the empty pBEM+ vector (empty-1 and
empty-2) were homogenized in 50 mM sodium acetate. The expansin activity in the soluble
protein fraction wasmeasured inaposition transducer attached totheclamp.The activity was
calculated asthe difference in extension rates (%increase in length per hour) before and after
addition oftheextract.The results aremeansand SEoffour replicates.

'Gr-ExpBl'
'Gr-ExpB2' is fairly homologous to Gr-ExpBl and this shorter protein does not
contain the CBD present in the latter. Its homology with the putative plant (3expansins is also lower than that of Gr-ExpBl (for example, with the putative |Jexpansin from A. thaliana (AL138646): 29% identity, 40% similarity). Besides,
several of the conserved blocks of expansins were missing in this protein. The
overrepresentation of partially overlapping 'Gr-ExpB2' clones in the EST database
suggests high expression levels of the corresponding gene in the infective J2 stage.
This was confirmed by the strong hybridization signal in the subventral glands
observed in the in situ experiments. It is postulated that 'GR-EXPB2' plays a role
during migration in the plant root and further experiments are needed to determine if
it also has expansin activity.
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Distribution
Southernblotanalysissuggested thatthere arefive Gr-ExpB-like genesinthegenome
of the potato cyst nematode. Hence, Gr-ExpBl and 2 are presumably representatives
of asmallgene family.
Screening of the EST division of Genbank with the putative catalytic domain of
GR-EXPB1 revealed homologous cDNA fragments from plant parasitic nematode
species such as M. incognita, MeloidogynehaplaandHeterodera glycines(Ling Qin,
unpublished). So, the presence of expansin or expansin- like genes is not necessarily
rareamongplantparasiticnematodes.
The nematode gene most related to Gr-ExpBl (C- terminal part) and -2 ismap-1
from the root knot nematode M. incognita. MAP-1 is an amphid-secreted putative
avirulence protein and it might be involved in the early steps of recognition between
the nematode and its host plant [25].Based on the morphology of the nematode, it is
unlikely that expression of Gr-ExpBl and '2' in the subventral glands would result in
an accumulation of these two proteins in the amphids. This difference in localization
may be due to the tissue specific expression of different family members. Some of
them might be specifically expressed in the subventral glands of the nematode like
Gr-ExpBl and '2',whereas other genes including map-1might onlybe transcribed in
the amphids. It is noted that the expansin-like ESTs from M. incognitawere highly
related butnon-identical to map-l.
To the best of our knowledge, no animal expansins have been identified yet.
Expansin activity wasdetected inthedigestive tractof asnail,Helixpomatia [27],but
the origin of this activity wasunclear. Itcould have been produced bythe snail itself,
or, alternatively, by microorganisms present in this tract. The remarkable high
homology of the C-terminal part of Gr-Expl with ORF11from S. lavendulae,a soil
borne bacterium and a pathogen of potato, suggests that the ability to produce
expansins isnotnecessarily restrictedtoplantsandplant-parasitic nematodes.
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Identification of a RanBPM-like gene family specifically
expressed in the dorsal glands of infective juveniles of the
potatocystnematodeGloboderarostochiensis
Abstract
Cyst nematodes induce large multinucleated feeding cells in the roots of their hosts.
Feeding cell formation is accompanied by highly coordinated cell wall degradation
and a reactivation of the cell cycle. Secretions from the dorsal esophageal glands are
thought to be responsible for the induction and maintenance of these so-called
syncytia. cDNA-AFLP was used to identify nematode genes that are up-regulated in
the infective stage. This resulted in the identification of a multiple gene family with
at least 8 members showing significant homologies to RanBPMs (Ran-Binding
Protein in microtubule organizing center) from various organisms. Four members
were chosen for insitu hybridization and all of them showed specific labeling in the
dorsal glands. Three full-length cDNAs were determined and the conceptual proteins
werepreceded by apredicted signal peptide for secretion. Hence,these RanBPM-like
proteins could play a role in the compatible plant-nematodeinteraction. Based on the
conserved nature of the RanBPM-interacting proteins Ran-GTP and y-TuRC, it is
hypothesized that RanBPM-like proteins of nematode origin could change the
dynamic instability of microtubules in plant cells and, as a consequence, affect
nematode-induced cellcyclereactivation.

Introduction
Plantparasitic nematode
Globodera rostochiensis, the potato cyst nematode, is a highly specialized plantparasite. Potato, tomato and eggplant are among the main hosts of this sedentary
endoparasitic nematode. Apart from these crops, the potato cyst nematodemultiplication is restricted to about 90 species of the genus Solanum including 5.
dulcamara(bitter nightshade), S. sarachoides(hairy nightshade) and S.xanti (purple
nightshade).
Feature ofanematode-induced syncytium
Secretion of cell wall-degrading enzymes including p-l,4-endoglucanases [1] and
pectatelyase [2]facilitates theintracellular migration of thepre-parasitic second stage
juveniles (J2) through the cortical tissue.An inner cortical cell is selected andused as
a starting point for the formation of a specialized feeding structure, the syncytium. A
highly coordinated breakdown of cell walls finally connects the nematode to the
vascular tissues of thehost.Theresulting conglomerate ofupto200fused protoplasts
shows a high metabolic activity; cytoplasm becomes denser, amount of endoplasmic
reticulum increases as well as the number of organelles, whereas the central vacuole
disappears completely. Adjacent to the xylem, cell-wall ingrowths develop,
suggestingthewithdrawal ofnutrientsfrom thexylemintothesyncytium.
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Reactivation ofthecellcyclebycyst nematodes
Syncytium formation coincides with an enlargement of both the nuclei and the
nucleoli. This process is marked by a re-entry of the cell cycle as indicated by the
activation of the promoters of both cdc2aandcycl. Several lines of evidence suggest
that feeding cell development involves several rounds of DNA endoreduplication
shunting the M phase [3].In addition, d'Almeida-Engler et al. [4] showed that DNA
synthesis and progression through the G2 phase are essential for syncytium
establishment. The nematode secretions, especially the proteins from the esophageal
glands, might contain inhibitors that specifically block the activity of M phase
promoting factors and/or induce unknown S-phase-related protein kinases [4].
Recently, a protein fraction in nematode secretions smaller than 3kDa was found to
contain mitogenic activity on plant protoplasts and mammalian T-cell lymphocytes
[5]. At present, it is unclear whether this peptide fraction contains the causal agent(s)
offeeding siteinduction.
Theidentification ofRanBPM homologues
cDNA-AFLP -arobustdifferential mRNAfingerprinting technique -hasbeenused to
compare gene expression in infective and non-infective developmental stages of the
potato cyst nematode. This approach resulted in the identification of a number of
putative pathogenicity factors that might be involved in syncytium formation [6].
Here we report the identification a multiple gene family, which share significant
homology with RanBPMs (Ran-Binding Protein in microtubule organizing center)
from various organisms. These genes were up-regulated in the infective second-stage
juvenile (J2), preceded by a predicted signal peptide for secretion, and specifically
expressed inthedorsal gland of thenematode.Theputative function of these genesin
theinduction andmaintenance ofcystnematode-induced syncytiaisdiscussed.
MaterialandMethods
Nematode culture
G.rostochiensispathotype Rol-Mierenboswascultured asdescribed previously[7].
cDNA-AFLP analysis
cDNA-AFLPanalysiswasperformed essentially asdescribed [6].RNA wasextracted
from five developmental stages of G.rostochiensis: (D) dehydrated unhatched J2s in
cysts (indiapause); (S)rehydrated unhatched J2sin one-year-old cysts after exposure
to sterile tap water for two days; (H) pre-parasitic J2s (dry cysts incubated in sterile
tap water for one week, then in PRD for a second week); (U) developing nematodes
(mostly JIs) in gravid females two months post-inoculation; (P) developing
nematodes (J2s) in gravid females three months post-inoculation. Dynabeads Oligo
(dT)25 (Dynal A.S, Oslo, Norway) were used to isolate mRNA. An oligo(dT)i2-i8
primer was used to synthesize cDNA. The resulting cDNAs were then digested with
the restriction enzyme combinations EcoRl and TaqlorNcol and Taql and ligated to
corresponding adapters.Theligated cDNAfragments were subsequently amplified by
EcoRl and Taql or Ncol and Taql primers (indicated as "E", "T' and "N"). The
resulting amplification productswere separated onpolyacrylamidegels.
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ESTsequence
AcDNA library was made from potato root diffusate-hatched, second stagejuveniles
(J2) of the potato cyst nematode G. rostochiensis [1]. ESTs were obtained by
randomly sequencinglibraryinsertsfrom the5' endasdescribedbyPopeijus etal[8].
Sequence analysis
DNA and protein sequences were analyzed using the Laser gene software package
(DNASTAR4.00,Madison,WI).Database search wasdoneusing Blast service atthe
National Center for Biotechnology Information (NCBI) and WU-Blast at Human
Genome Center, Baylor College of Medicine. The computer algorithm SignalP was
used to predict the presence of a signal peptide for secretion and the corresponding
putativecleavage site[9].
Insitu hybridization
The nematode fixation, hybridization and detection steps were essentially performed
as described by Qin et al. [6].The transcript-derived fragment (TDF) A29 cloned in
pCR2.1-TOPO vector (Invitrogen, the Leek, the Netherlands) was amplified with
primersE+TG (GACTGCGTACCAATTCTG )andT+CG (GATGAGTCCTGA
CCG ACG). The amplified product was checked on a 1%agarose gel. The antisense
probes were made by asymmetric PCR in the presence of DIG-dUTP (Roche
Diagnostics, Mannheim, Germany) using T+CG as the primer and 20 ng of the
amplified product as template in a 20-jil reaction volume. The DIG-labeled probes
werepurified through a G50Mini Quick Spin DNA column (Roche Diagnostics) and
10-|j.lTEbuffer wasadded. Ineach hybridization reaction, 30nl of labeled probe was
used. Alkaline phosphatase activity was detected by the addition of X-phosphate and
NBT (Roche Diagnostics). The labeled infective juveniles were observed under a
Leicainverted microscope (Leica,Deerfield,EL).
Southernblot
PrimersE+TG (GACTGC GTA CCAATTCTG) and T+TG (GAT GAGTCCTGA
CCG ATG) annealing to the 5' and 3' ends of the TDF A41 were used to amplify a
225-bp cDNA fragment. The template for this PCR was 2-ng pCR2.1-TOPO vector
(Invitrogen) which contained TDF A41 sequence. The amplified PCR fragment was
then used as a template for DIG labeling (Roche Diagnostics) to generate the probe.
The genomic DNA was isolated as described [10]. About 2.5 ng of genomic DNA
was digested by EcoRl and separated on a 0.8% agarose gel. The Southern blot was
performed asdescribed [11]. Hybridization wasperformed at40 °Covernight in DIG
Easy Hyb solution (Roche Diagnostics). The filter was washed two times in
0.1xSSC/0.1% SDS solution before detection. Alkaline phosphatase activity was
detected using DIG Luminescent Detection Kit (Roche Diagnostics) and the
chemiluscent signalwasexposed onX-ray films.

Cloningofthefull-length cDNAs
Gene specific primers were used in combination with vector primers in pcDNAII to
amplify the 5'- and 3'-end region of each cDNA-AFLP fragment (A18, A41, E19)
from acDNAlibraryconstructed inpcDNAIIasdescribed[1].
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Results
Identification ofafamilyofinfective stage-specific TDFs
Detailed comparison of mRNA pools isolated from five different developmental
stages of the potato cyst nematode G. rostochiensisby cDNA-AFLP revealed a few
dozensof transcript-derived fragments (TDFs) thatwere detected onlyinthe infective
stage of this plant parasite, the root
diffusate-exposed,
pre-parasitic
E+T/T+C
E+TG/T+CG
second stage juvenile (stage H).
S H U
D S H UP
Upon sequencing, a subgroup of the
stage H-specific mRNAs appeared
toberelated. Therestriction enzyme
A29'
combination EcoRl and Taql
revealed five related, non-identical
E+TG/T+CG
stage H-specific TDFs, A18, A29,
A30, A41 and E19. A second
D S H UP
restriction enzyme combination,
Ncol and Taql,resulted in one more
related TDF, namely NA16. Once
A30'
the TDFs of interest were
sequenced, the expression patterns
E+C/T+CT
E+CC/T+CT
among the different developmental
D S H UF
D S H UP
stages were checked by adding one
or two additional selective
nucleotides complementary to the
-E19sequences at the 5' and 3'ends. The
extended primers resulted in a
substantial reduction of the number
N+AC/T+TC
of TDFsper gel, and the five related
U PD SH
TDFs obtained from EcoRl and
Taql combination again showed
stage H-specific expression patterns
-NA16
(Fig.1).
Fig.1.TheexpressionpatternsoffourTDFs, A29,A30,E19andNA16fromthepotatocyst
nematode G.rostochiensis asrevealed by cDNA AFLP.For TDFs A29, A30 and E19,the
arrow-pointedbandsfromtheleft panelwerecutout,clonedandsequenced.On thebasisof
thesequenceresults,theprimersEandTwereextended withoneortwoadditional selective
nucleotides. The resulting cDNA-AFLP expression patterns are shown (right panel). The
capitals D, S, H, U and P refer to the different developmental stages. D: unhatched J2in
diapause,S:unhatchedJ2after diapause, rehydrated for 2daysinwater,H:freshly hatched
J2inpotatorootdiffusate, U:developingnematodes(Jl) ingravidfemalestwomonthspostinoculation,P:developingnematodes(J2)ingravid femalesthreemonthspost-inoculation.

Using A41 as a query to search a G. rostochiensisEST database [12], four ESTs,
GE1156, 1519, 1855, 2075, were found to share significant homology with A41.
GE1855 and A30 showed a partial perfect overlap indicating both fragments were
derived from the same cDNA, and the same holds true for GE2075 and E19. The
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remaining ESTs, GE1156 and GE1519, are representing two additional members of
thestageH-specific gene family.
A cDNA library [1] was used to identify the full size cDNAs corresponding to
three TDFs,A41,A18 and E19.For A41, a full-length cDNA of 871bp,indicated as
GR-dgl-2A, was cloned, encoding a protein of 261 aa. The full-length cDNA
corresponding to A18,GR-dgl-2B,included 845bp and encoded aprotein of 216 aa.
Thethirdmember, E19,was 885bplong and wasindicated asGR-dgl-2C.GR-DGL2C is a protein of 232 aa. GR-DGL-2B and -2C are basic, whereas the pi of GRDGL-2A is5.97. Thepresence or absence of alocalization signal wastested by using
SignalE [9] V2.0.b2 (including both SignalP-NN and SignalP-HMM). Each of the
putativeproteinswaspredicted tohaveasignalpeptidefor secretion.
Hence, in total eight related cDNAs were identified (Table. 1). The full size
cDNAs will be indicated as GR-dgl-2A (corresponding to TDF A41), -2B{idem
A18), -2C{idem E19), -2D{idemA29),-2E{idem A30),-2F{idem NA16), -2G {idem
GE1156) and -2H {idemGE1519). The alignment is shown in Figure 2. The shared
identity at the protein level among these eight proteins ranged from 28%to 57%.To
confirm the existence of such a family on genome level, a Southern blot was
performed with a 225-bp cDNA probe derived from TDF A41.Multiple bands were
observed on the blot, showing that there are indeed multiple RanBPM-like genes
present inthegenomeofG. rostochiensis (Fig.3).

Gene name
GR-dgl-2A
GR-dgl-2B
GR-dgl-2C
GR-dgl-2D
GR-dgl-2E
GR-dgl-2F
GR-dgl-2G
GR-dgl-2H

TDF
No.
A41
A18
E19
A29
A30
NA16
-

ESTNo.
GE2075
GE1855
GE1156
GE1519

Full length
cDNA (bp)
871
845
885
-

Length partial
cDNA (bp)
.
246
193
192
470
244

Insitu
hybridization
Dorsal gland
Dorsal gland
n.d
Dorsal gland
n.d
Dorsal gland
n.d
n.d

Table 1.Overview ofeightcDNAsof aRanBPM-like genefamily predominantly expressed
inpre-parasitic secondstagejuvenilesofthepotatocystnematodeG.rostochiensis. n.d.:not
determined.

Specific expression of stage H-specific TDFs in the dorsal gland in infective
juveniles
Recently, Qin et al. [6] proposed a novel strategy for the identification of putative
pathogenicity factors. In case of cyst nematodes, it was hypothesized that
pathogenicity factors are synthesized in the dorsal or in the subventral esophageal
glands.Senseand anti-senseDNAprobesof the TDFs A29 andNA16weremadeby
asymmetric PCRusingtheE+0,theT+0ortheN+0primer. Anti-sense DNAprobeof
the TDF A29 specifically labeled the dorsal gland of infective J2. Labeling was
observed in the gland cell around the nucleus, and no signal was detectable in the
gland cell extensions or in the ampullae. No labeling was observed for the sense
V-6
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probes. A second in situ hybridization experiment with an a n t i - N A 1 6 p r o b e
essentially showed a similar pattern (Fig. 4). T w o other m e m b e r s of the gene family,
A 1 8 and A 4 1 , were recently shown to b e specifically expressed in the dorsal glands of
activated infective juveniles as well [6]. It remains to be determined whether the other
m e m b e r s of the family, GR-dgl-2C, -2E, -2G, -2H, are specifically expressed in the
dorsal esophageal gland as well. Alternatively, these R a n B P M - l i k e proteins could be
functional in the nematode itself.
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Fig. 2. The comparison of eight different RanBPM-like proteins from GR-dgl-2 family from
G. rostochiensis (indicated as 2A to 2H; the original TDF and EST numbers are included
between brackets). Conserved residues are shaded. The alignment was made by using Clustalmethod with PAM250 residue weight table from DNASTAR 4.00.
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HomologiesofmembersofthestageH-specific genefamily withknowngenes.
Using the homology search programs BLASTP, GR-DGL-2B was shown to be
homologous totheNterminalpartsof anumber ofRanBPMs (Ran-BindingProteinin
microtubule organizing center) from Xenopus laevis (AB018696: 38% identity, 50%
similarity, and anEvalue of 3e-15),from fission yeast (Schizosaccharomycespombe)
(T40901: 31% identity, 45% similarity, and an E value of 7e-14), from
Caenorhabditiselegans (T27155 (= hypothetical protein Y54E5A.7): 31%identity,
45% similarity, E value of 2e-12) and from Homosapiens(AB008515:40% identity;
50% similarity, E value of 5e-12). Only the function of the Homo sapiens RanBPM
protein has been studied in some more detail. GR-DGL-2B also shared significant
homology with the full-length putative RanBPM from a cryptomonad (Guillardia
theta) (AJ010592, 280 aa: 29% identity; 43% similarity, E=3e-9) and most part of a
putative Arabidopsis thaliana protein (AL117386, 349 aa): 25% identity; 43%
similarity, E=2e-6). Other proteins from this nematode gene family also displayed
, 2 -x
similar homology with the RanBPM proteins. An
M
^^ .«
alignmentis showninFig.5.
23130bp ^ p )
^ U B
Comparison with the Pfam protein domain
>4^feAb^B^H
collection revealed a common SPRY motive [13]
9416b
6557bp 3 F ^ ^ ^f 9 B
both in the full length dorsal gland proteins, GR4361b p _
£
DGL-2A, -2B and -2C (E values between 2.9 e-18
•V
and 1.6 e-10) and in the N-terminal parts of the
RanBPMsfromX.laevis, S.pombe andC. elegans(E
2322bp _
"»••
values around e-35).The SPRY domain is thought to
^Br
serve as a protein-protein interaction module [14]
and/or as a domain involved in the interaction with
smallRNA molecules[13].
h
Fig.3.GenomicSouthernblothybridizedwitha225-bpcDNAprobederivedfromTDFA41.
LaneMismolecularweightmarker;Lane1 to3are2.5ugnematodegenomicDNAdigested
withEcoRI,BarriH IandKpnIrespectively.

Discussion
Comparative mRNA fingerprinting of five developmental stages of the potato cyst
nematode Globodera rostochiensis by the cDNA-AFLP technique resulted in the
identification of a RanBPM-like gene family with at least 8 members, all
predominantly expressed in the infective stage of this nematode. Four members were
randomly chosen for insituhybridisation and all of them were shown tobe expressed
specifically in the dorsal esophageal gland of potato root diffusate-exposed second
stagejuveniles. Full-length cDNAs were identified for three family members and all
of them were predicted to be preceded by a signal peptide for secretion. Probably,
these RanBPM-like proteins contribute to the pathogenicity of this potato cyst
nematode. Their localization in the dorsal glands suggests that these proteins are
involved in feeding sites induction and not in penetration or migration through the
root.
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Fig. 4. In situ hybridization using TDF-derived probes of A29 and NA16 from G.
rostochiensis. Labeling was done in preparasitic 32.A: labeling pattern using an A29
antisense probe.B:labeling pattern with an NA16antisense probe.C:Atypical image ofa
sense probe labeling. Arrows point at the dorsal gland (D) and the metacorpus (M)
respectively.Scalebar=20 um

Ranandoneofitseffectors, RanBPM
Ran, a small GTPase (=25kDa) of the Ras superfamily, is very abundant and highly
conserved among eukaryotes. Ran is a complex and multifunctional protein. It is
involved incell cycle regulation, microtubule spindle assembly, nuclear transport and
postmitotic nuclear assembly. Ran's intrinsic rates of nucleotide exchange and
hydrolysis are low, and in vivo activating proteins are required for these reactions.
During interphase, Ran-GTP is mainly localized in the nucleus whereas Ran-GDP is
largely cytosolic. Depending on the nucleotide to which it is bound, Ran associates
withdifferent cellularproteins.
RanBPM, Ran-binding protein in microtubule organizing center (MTOC), is a
relatively novel Ran-binding protein which is localized in the centrosome of either
interphase or mitotic cells. Human RanBPM was shown to interact specifically with
Ran-GTP and not with Ran-GDP or nucleotide free Ran [15]. Moreover, RanBPM
was co-fractionated with y-tubulin ring complexes (y-TuRCs).y-TuRCs are cytosolic
andconsist of 10-14y-tubulin molecules and at least six additional proteins resulting
in a complex of about 2 Mda. It was concluded that RanBPM can associate
physically with both Ran-GTP and y-TuRCs. Whether it directly interacts with ytubulin as well remains to be demonstrated [15]. Ran-binding domains have been
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identified for RanBPl [16]and importin p [17], and no similar domain was found in
human RanBPM [15]. As compared to other Ran-binding proteins, the physical
interaction between RanBPM and Ran-GTP is relatively weak. Overexpression of
humanRanBPMcDNAinCOS cells caused ectopic microtubule nucleation, resulting
in a reorganization of the microtubule network. High levels of RanBPM were
suggested eithertoactivatey-TuRCs ortorecruity-tubulin [15].
Couldnematode RanBPM-likeproteinsbefunctional inaplantcell?
G. rostochiensis-produced RanBPM-like proteins can only be functional in plants if
the proteins they normally associate with are available and recognized as such. The
availability will be guaranteed if the interacting proteins are constitutively expressed
and these proteins may interact with foreign RanBPM only if they are highly
conserved. Ran(-GTP) is an ubiquitous, extremely conserved protein. Comparison of
a small set of plant and nematode Ran species revealed that they are approximately
95% identical at amino acid level. y-TuRC, a large protein complex, is known to
physicallyassociate with RanBPM aswell.Amajor constituent of y-TuRC,y-tubulin,
is thought to interact with RanBPM. Both are essentially present in every cell.
Comparison of a number of nematode and plant y-tubulins showed 40-50 % identity
and60-70%similarity ataminoacidlevel.Thoughnotallproteinspresent iny-TuRCs
have been identified yet, these complexes are thought to be highly conserved [18].
Provided that the members of the RanBPM-like gene family from the potato cyst
nematodeG. rostochiensisareindeed RanBPMs, it is likely that these cyst nematode
RanBPMs can function as such in a plant environment because the interacting
proteins-asfar asthey areknown -willbeavailable andrecognizable.
Possible roleofnematode RanBPMinsyncytiuminduction.
Upon the selection of an initial syncytial cell (ISC) in the inner cortex, the preparasitic second stage juvenile releases secretory proteins that trigger the redifferentiation of the ISC.Dorsal esophageal gland-produced proteins are presumably
injected into the cytosol of the ISC. One of the results of the presence of RanBPMlikeproteinsinthe ISCcouldbe achangeinthemicrotubule stability.
Microtubules are dynamic polymers and their (in)stability is determined by the
polymerization and the depolymerization rates, and by the catastrophe and the rescue
frequencies. Transition from interphase to mitosis coincides with an increased
catastrophe frequency and a reduced rescue frequency. As a result, the microtubules
become smaller and the half-life is reduced from 5-10 minutes to 0.5-1 minutes [19].
Recently, it was shown that Ran-GTP stimulates microtubule assembly by increasing
the rescue frequency three- to eightfold [20]. A release of foreign RanBPMs in the
cytosol of an ISC could result in an increase in the cytosolic RanBPM-bound RanGTP concentration. Assuming there is no major difference between the biological
activities of bound and unbound Ran-GTP, this would result in a stabilization of the
microtubule network. Sucha stabilization could hamper thetransition from interphase
tomitosis.
Itwasshown in syncytial cells thatDNA synthesis and progression through theG2
phase are essential for their establishment, but mitosis was never observed. It was
suggested that feeding cells development is accompanied by cycles of DNA
endoreduplication shunting the M-phase (G1-S-G2-G1 etc.). The nematode secretions
are thought to contain inhibitors that specifically block the activity of M-phase
promoting factors and/or induce unknown S-phase-related protein kinases [4], The
RanBPM-likeproteinsidentified inthisstudymightbeinvolved inthe shunting ofthe
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M-phase in nematode induced syncytium. The relevance of changes in the
microtubule structure during syncytium development is further illustrated bythe
effects of oryzalin, a plant microtubule polymerization inhibitor. In Arabidopsis
thaliana, low concentrations ofthis herbicide completely blocked syncytium initiation
by Heterodera schachtii [4].
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Fig. 5.The comparison ofthree RanBPM-like proteins (GR-dgl-2A, -2B and -2C) fromG.
rostochiensis with six other RanBPM proteins from various organisms. AB008515 from
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Microtubule manipulation by micro-organisms is not unique. This can be illustrated
by the tomato mosaic virus that is hijacking host plant microtubules to target virus
movement proteins to plasmodesmata [21] and by the interaction betweenRhizobium
and alfalfa. Inthelattercase,essentialmicrotubule changeswereshown tobeinduced
byNodfactors [22].
In thispaper, we haveidentified arelatively large family of RanBPM-like proteins
from the potato cyst nematode G. rostochiensis that are probably involved in
syncytium induction. This redundancy is intriguing. Whether this is a nonfunctional
relic orawaytospreadrisksremainstobedetermined. Asalogical next step,wewill
investigate the effects of over-expression of RanBPM-like proteins inplant cells both
by protoplast transfection and by stable plant transformation. In this way, we will
pinpoint the role(s) of this newly identified gene family in potato cyst nematode
pathogenicity.
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Cloning of a trans-spliced glyceraIdehyde-3-phosphatedehydrogenase gene from the potato cyst nematode Globodera
rostochiensis and expression of its putative promoter region in
Caenorhabditis elegans
Abstract:
Reverse genetics to determine the relative importance of individual pathogenicity factors
of the potato cyst nematode Globodera rostochiensis depends, apart from an efficient
transformation protocol for this obligatory plant parasite, on the availability of an
efficient promoter. PCR-based cloning was used to isolate a cDNA encoding
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH,acrucialenzymeinglycolysisand
gluconeogenesis; this gene was designated gpd) and its 5'-flanking region. The cDNA
includes 1047 nucleotides encoding an open reading frame that shows high homology
with GAPDHs from Caenorhabditiselegans and other species. Analysis of the 745 bp
5'-flanking region of the gpd gene showed no homology with a similar region in C.
elegans. In this region several eukaryotic promoter elements are present. 5' Rapid
amplification of cDNA ends revealed this gene was rrans-spliced with a SL1 spliced
leader. The 5'-flanking region of the gpd gene was fused to green fluorescent protein
reporter gene and microinjected into the gonads of C. elegans.Green fluorescent protein
expression, under the transcriptional control of the5'-flanking region of gpd,was mainly
observed in body wall muscles of transgenic animals. This putative promoter region of
GAPDH could be a valuable tool to drive gene expression in transgenic G. rostochiensis
andotherrelatedplant-parasitic nematode species.
Keywords: Globodera rostochiensis, glyceraldehyde-3-phosphate dehydrogenase,
putative promoterregion, splicedleader, genecloning
List of abbreviations: PCR, polymerase chain reaction; RACE, rapid amplification of
cDNA ends; UTR, untranslated region; GFP, green fluorescent protein; ORF, open
reading frame
Note:Nucleotide sequencedatareportedinthispaper isavailableintheEMBL,
GenBank™ andDDJBdatabasesundertheaccession numberAF004522.
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1.Introduction
Globoderarostochiensis, the potato cystnematode, is ahighly specialized plant-parasite.
The main host of this sedentary endoparasite is potato and, as such, it may cause
substantial losses in potato crops. Upon arrival at the root surface, preparasitic second
stagejuveniles (J2) secrete a complex mixture of compounds [1].This complex mixture
includes cell wall-degrading enzymes [2].The secretions facilitate the penetration of the
rhizodermis and subsequent cell layers. After intracellular migration through the cortical
tissue,afeeding structure -aso-called syncytium -isinduced withinthecentral cylinder.
If we want toknow more about the relative importance of compounds secreted during
the infection process, mutant nematodes that are unable to produce and/or secrete this
compound would be useful. Because no such mutants are available from the classical
genetic approach, a protocol for transforming obligatory plant parasitic nematodes is
urgently needed. One of the prerequisites for this transgenic approach being successful
would be the availability of (constitutive) promoters that are properly recognized by the
hostorganism. Atpresent several5'-upstreamregions of locally expressed plant-parasitic
nematode genes havebeen identified [3,4, 5].However, none of them were shown tobe
functional promoterregions.
Both in pro- and eukaryotes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
EC 1.2.1.12) is an abundant and crucial enzyme in glycolysis and gluconeogenesis. It
catalyzes reversibly the oxidation and phosphorylation of D-glyceraldehyde-3-phosphate
to 1,3-diphosphoglycerate.Apartfrom being aglycolytic enzyme, GAPDH isinvolved in
the translational control of gene expression; in the nucleus, it functions in nuclear tRNA
export, in DNA replication, and in DNA repair [6], Genes encoding GAPDH have been
isolated from many organisms revealing strong homologies in the NAD-binding domain,
and, even toahigher extent, inthe catalytic domain [7,8].For constitutive expression in
cystnematodes,thepromoter of GAPDHcouldbeagoodcandidate.
The members of the phylum Nematoda can, on the basis of their feeding behavior, be
divided into free-living species, animal- and plant-parasites, gpd-1, gpd-4 and their
putative promoter regions have been isolated - not characterized - from the free-living
species Caenorhabditiselegans, whereas gpd-2 and gpd-3 are located downstream of
another gene in a single operon [9]. GAPDH-encoding cDNA sequences are available
from the animal parasitic nematodes Onchocercavolvulus(U96177) and Brugiamalayi
(U18137). Nothing isknownabouttheirpromoters.
If heterologous promoters (e.g. from C. elegans) are used for the transformation of
plant parasitic nematodes, a negative result could either be due to an inappropriate
transformation procedure or the unsuitability of the heterologous promoter. Here we
reported themolecular cloning of GAPDH-encoding cDNA from G. rostochiensisand its
putative promoter sequence, which is the first reported from a plant parasitic nematode
species. By using the green fluorescent protein (GFP) marker gene from the jellyfish
Aequorea victoria, we showed that this putative promoter region is functional in C.
elegans.This endogenous promoter of an abundantly expressed GAPDH-encoding gene
could be very useful in developing a transformation method for G. rostochiensis and
otherplantparasitic species.
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2.Material andmethods
2.1.Nematode culture and isolation
Preparasitic second stage juveniles (J2) of G. rostochiensisRoi were cultured on plant
roots and extracted as described previously [10]. Wild-type C. elegans strain N2 was
grown asdescribed byBrenner [11].
2.2.cDNAcloning otgpd
Approximately 1.0mlofG. rostochiensispreparasiticsecond-stagejuveniles [J2,=2xl06J2
ml"] werehomogenized in 10mMTris-ClpH7.4, including 3mMPefabloc (Boehringer
Mannheim Gmbh, Mannheim, Germany ) and subjected to preparative SDS-PAGE
(BioRad, Hercules,USA) on 10%denaturing polyacrylamide gel [10].In our laboratory, a
monoclonal antibody MGR48 was produced which could recognize a 39 kD protein from
the subventral esophageal gland of G.rostochiensis [10]. In order to identify this protein,
those fractions with an apparent molecular mass of approximately 39 kD were pooled and
subsequently separated onan MGR48 immunoaffinity chromatography column [12,2].For
N-terminalaminoacidsequencinga39kDproteinwassubjected towestern-blottingusinga
Tris-tricine buffer system [13]. The single protein band on the blot was stained with
Coomassie Brilliant Blue R-250 and cut out for N-terminal protein sequencing (ARIAD
Pharmaceuticals, Cambridge, USA).Two N-terminal amino acid sequences were obtained
from this band. One was identified as endoglucanase [2],the other showed high degree of
homology with GAPDHs from different species in a database search. A degenerate genespecific forward primer gpd-f (AARGTIGGIATHAAYGGNTTYGG) was designed from
the N-terminal amino acid sequence. A second reverse primer gpd-r
(TAICCRAAYTCYTACCA) was designed from a conserved amino acid region at the Cterminus in gpd-1through gpd-4 of C. elegans.The primers gpd-f and -r were used to
amplify a 1 kb fragment from a G. rostochiensiscDNA library [2]. Polymerase chain
reaction(PCR)conditions:30cyclesof 1 minat93°C, 1 minat60°C,and3minat68°C.A
1kbPCR fragment wasligatedintopCR2.1andused for transformation ofE.coliINVaF'
(Invitrogen, Leek, The Netherlands). Inserts were sequenced (Amersham Life Science,
Buckinghamshire, UK) on an Automated Laser Fluorescent DNA sequencer (Pharmacia,
Uppsala,Sweden).
2.3.5' rapidamplification ofcDNAends(5' RACE)
The 5' end of cDNA was captured using GIBCOBRL 5' RACE kit (Life technologies)
according to manufacturer's manual. Total RNA was isolated from a frozen pellet of
about 100,000 J2 using TRIzol Reagent (Life technologies, Breda, The Netherlands). A
gpd-specific primer gpd-up3 (CGGCCATGGGTCGAGTCGTAGTTG) was used in first
strand cDNA synthesis from about 5 ug of total RNA. Two other gpd-specific primers,
which annealclosertothe5' endofthe structural gene,
gpd-up2 (CCACCACCTGAACGGTGTCCTTC) and
gpd-upl (TAATGCCGACCTTCGGTTTCACCA) were used in subsequent nested PCR
steps performed in a MJ thermal cycler. The amplification conditions were as follows:
90sat94°C,followed by 35cycles of 60sat94°C, 30sat63°C, 90sat72°C,last step5
min at 72°C. Amplification products were cloned into pCR2.1. Five clones were
sequenced from both directions. Resulting sequences were analyzed using theLaser gene
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(DNASTAR Inc,Madison, USA) software package.
2.4.Cloningof5'-flankingregion
In ordertoclonethe5'-flanking region ofgpd, agenomic library of G. rostochiensis was
constructed in the plasmid vector pZErO-2 (Invitrogen). DNA was extracted from
preparasitic J2 as described by Curran [14]. Genomic DNA was partially digested by
Sau3A. Fragments ranging from 500bp to4 kb were gel purified and ligated to BarriHldigested pZErO-2 at 16°C overnight. The ligation product was transformed into TOP10
E.coli electrocompetent cells (Invitrogen) by electroporation using a Bio-Rad Gene
Pulser (Bio-Rad). Thisresulted in 106primaryrecombinants containing anaverage insert
of about 1kb. Library was plated out and collected in LB medium. Plasmid preparation
was done using Wizard Plus Midiprep (Promega, Madison, USA). In PCR reactions,
nested primers gpd-upl, -up2 were used in combination with either of the two pZErO-2
vector-specific primers:

PCDNA-f:(GACGGCCAGTGAATTGTAATACGACTCACT)
PCDNA-r:(GGTGACACTATAGAATACTCAAGCTATGCA)
using plasmid preparation of the genomic library as template. Expand Long Template
PCR system (Boehringer Mannheim Gmbh) was used to minimize possible errors. The
amplification conditions were asfollows: 2min at94°C,followed by 35 cycles of 60sat
94°C, 60 s at 65°C, 2 min at 68°C, last step 5 min at 68°C. Amplified products were
cloned into pCR2.1. Two clones amplified from two different PCR reactions were
sequenced from bothdirections.
2.5.GFPfusion construct
The GFPreporter construct gpd95.75 was generated byjoining the 5'-flanking region of
gpd to the gfp gene in the C. elegans promoter-less GFP vector pPD95.75 (kindly
provided by Dr. Andy Fire, Carnegie Institution of Washington, USA) using PCR. To
this end, the 745 bp 5'-flanking region of gpd together with a DNA sequence encoding
thefirst8predicted aminoacids ofGAPDH was amplified usingtheprimersupl- BamHl
(CGCGGATCCTTAATGCCGACCTTCGGTTTCACCA,
underlined
nucleotides
indicating theintroduced BamHl site) and PCDNA-r. The resulting fragment were double
digested with BamHl and Hindlll, and inserted into the BamHl and HindUl sites of
pPD95.75. To check whether the 5' coding region of gpd and the gfp gene were in the
samereading frame, thejunction was sequenced.
2.6.Microinjection andanalysisoftransgenicC. elegans
The GFP expression construct gpd95.75 (53ug ml"1) and rol-6containing plasmid pRF4
(lOOug ml"1) were injected into the distal parts of the gonads of C. elegans N2 adult
hermaphrodites [15]. Transgenic Fl animals were recognized by their rolling behavior.
These animals were used to establish transmitting lines of transgenic animals expressing
both plasmids in an extrachromosomal array. About 40 transgenic animals from four
different lines were checked using epifluorescence microscopy (Leica. filter set: BP450490nm excitation filter, 510nm dichoric and LP520 emission filter) for expression of
GFP.
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6JORIENVPTANVSWDLTCRLEKPAKYDDIKRWKQACDGPLKGHLGYTEHQWSSDFNGDSHSSTFDAGAGIALNDHFVKLVSWYDNEFGYSNRV

330
330
329
329
324
352

1
2
3
4
5
6

CELE62
CBRI62
BHALA
OVOLVU
GROST
JORIEN

361
375
VDLISYIATKA
341
VDLISYIATKA
341
VDLISYIASR339
VDLISYNASK339
324
VDLHVHHASKE
363

CELEG2
C8RIG2
BMALA
OVOLVU
GROST
JORIEN

Fig. 1.(A) Comparison of the predicted amino acid sequence of gpd gene from G.rostochiensis
(GROST, accession no. AF004522) with other predicted amino acid sequences from C. elegans
(CELEG2, accession no. X15254), Caenorhabditisbriggsae (CBRIG2, accession no. R04501),
Onchocercavolvulus(OVOLVU, accession no.U96177),Brugiamalayi(BMALA, accession no.
U18137),Jaculus orientalis (JORIEN, accession no. X87226). (B) Phylogenetic tree of GAPDH
aminoacid sequences ascaculated byClustal-method with PAM250residueweighttable.
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3.Results
3.1. Isolation of the cDNA of the gpd gene from the plant-parasitic nematode G.
rostochiensis
N-terminal amino acid sequencing of a 39kD protein from the potato cyst nematode G.
rostochiensisresultedinasequenceof46residues:
KVGINGF(G)RIGRLA(L)RAAVEK(D)T(?)DV(V)AnsfDP(F)I(N)(L)DYMV(Y)MF
(residues or ? between brackets, not identifiable with high confidence). This sequence
showed high degree of homology with GAPDH proteins from different species. On the
basis of this sequence, adegenerate gene-specific forward primer gpd-f wasdesigned. A
second reverse primer gpd-r was designed from a conserved amino acid region at the Cterminus in gpd-1 through gpd-4 of C. elegans. Using gpd-f and -r, a 1046bp
(AF004522) PCR fragment was amplified from acDNAlibrary.Thisfragment encodesa
protein of 324 amino acids, which showed high homology with GAPDH proteins from
different species (Fig.1A).
At amino acid level, GAPDH from G. rostochiensis shares 80.6% similarity with
predicted amino acid sequence of gpd-2 from C. elegans (CELEG2, accession no.
X15254), 80.2 % similarity with GAPDH from Caenorhabditis briggsae (CBRIG2,
accession no. R04501), 79.6% with O. volvulus (OVOLVU, accession no. U96177),
79.3% with B. malayi(BMALA, accession no. U18137), 73.5%with Jaculusorientalis
(JORIEN, accession no. X87226). The GAPDH from J. orientalis,jerboa, is the most
closely related vertebrate GAPDH. In the highly conserved catalytic domain, a stretch of
99 aa was, except for 5 aa residues, identical to C.elegans GAPDHs (Fig. 1A. Amino
acidresidues 184-282).Tovisualize thedegreeof relatedness between different GAPDH
amino acid sequences a phylogenetic tree was made using the Clustal-method with
PAM250residueweighttable(Fig. IB).
3.2.Cloningofthe5'-flanking regionofgpd
Nested primers gpd-upl, -up2 were used in combination with either PCDNA-f or
PCDNA-rtoamplify fragments from aplasmidpreparation of aG. rostochiensisgenomic
library. Both combinations resulted in specific PCR products of about 1 kb. The two
clones were sequenced from both directions. In spite of being cloned in opposite
orientation in the pZErO vector, these fragments appeared to be identical. The DNA
sequences overlapped with the 91 bp 5' end of the cDNA sequences. A 745 bp 5'flanking region of gpd was obtained (Fig.2) (this fragment was amplified also from
genomicDNA,datanotshown).
3.3.5' rapidamplification ofcDNA ends
5' RACE was used to determine whether frans-splicing of mRNA occurs in G.
rostochiensis. This resulted in the identification of a 22-nucleotide sequence present at
the 5' end of the gpd cDNA. Five clones were sequenced, and the 22 bp stretch was
shown tobeidentical tothe SL1sequence of C. elegans. This sequence wasnot present
in the 5'- flanking genomic region of the gpd gene (Fig.2). The splicing acceptor site
"TTTTTAGA" is consistent to the consensus of C. elegans splicing acceptor site
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"TTTTCAGA/G" [16], except aTresidue inthe place ofaCresidue before the most
conserved "AG". No typical 5' splicing signal AGGTRAGTTT could be found inthe5'
genomic sequenceofgpd.

-745
TCTACGTACATACTATAATATTTTTTCTCTCTTCTCTTCGCTTTCCCATCTCATTTGTCATTGCCGGTTCGTGTCTCGCGAGTGAGCGA
-655
CGAAAAGGCCGAATCAATTGGTTGGGGAAGGGCAGGGAGGGGGTTAAATGTGCTGTTCTTTGGAGGGAAACCCACCAACCACCGCTCAT
-565
TCGTTCTCTGAGCTCAGTCCAACACATCGCCTCATCCCTTCCTTTTCATTTCAGTTAACCATTTCTGTTTACGCTCTGGTATATGGGGA
-475
ATTATTTTTGTTGACTTTATTTCAGTTCTCTTTTCTTACACTGAGCCAGCACATTCTTATTCAAAAACAGTTTGCAGTTTGTCCTCTTC
-385
TTTAACTTTCAGTAGTAGTGGACTCTAGCTCTGACAAATTAGAACTC|CAAT|TCGGGGTCCCCAGAACCGAACCGAAAAAAGGCGGGTGC
-295
CCGA|(aAT|CAAAATCTTTCGAGGGGTTGGAACCGACACCGACAACCCTATTTAGAGAATTTGTTGAAGGATGCTGT|TATAA|cT|TATAA|G
-205
TAGTGTGCCATGCCTCCTCCGGTTTTGCGAAAATGTTTCTTAAACACGCGTCTTCGTGTCAAACCCATGTAACGAATGTTATTGATTTG
-115
CTGTTCAGATTAGTTTTTGTTTATGCTCTTATGTGCATGCA^TTTTA^ATTATTGACTTTGCATATTTCCAACCAAGTTCATTTGACCA
-25
+66
+156
+246
+336
+426
+516
+606
+696
+786
+876
+966

GGTTTAATTACCCAAGTTTGAGt
TATTTTCCTGCTAAACATAGCAAAA|ATG|GTGAAACCGAAGGTCGGCATTAATGGCTTTGGACGCATTGGGCGC'rTGGCGTTGCGCGCTG
CGGTTGAGAAGGACACCGTTCAGGTGGTGGCGATCAATGACCCGTTCATCGAACTCGACTACATGGTATACATGTTCAACTACGACTCG
ACCCATGGCCGCTTCAATGGCAAAATTTCGACAAGCGCCGGCAATTTGGTCGTTGAGAAAGAGGGGAAGGCCACGCACACCATCAAGGT
GTTCAACCTCAAGGACCCGGCCGAGATCAAATGGGCTGAGGTGGGCGCGGAATATGTGATCGAGTCCACCGGGGTGTTCACTACCATTG
AGAAGGCTTCGGCACACTTGAAGGGGGGCGCCAAGAAGGTGGTCATCTCTGCTCCGTCCGCTGATGCACCGATGTACGTGATGGGCGTC
AACGAGGACAAATATGACCCGGCCAAGGACAACGTGATTAGCAACGCTTCGTGCACCACCAACTGCCTTGCGCCGCTGGCCAAAGTGAT
CAACGACGAGTTTGGCATCATCGAAGGGTTGATGACCACTGTTCACGCAGTAACTGCCACTCAGAAAACGGTGGACGGACCGAATGGGA
AGCAGTGGCGCGACGGGCGTGGCGCCGCGCAGAACATCATCCCTGCCAGCACCGGGGCAGCCAAAGCAGTGGGCAAGGTCATTCCTGAG
CTGAACGGCAAATTAACCGGCATGGCATTCCGTGTGCCGACCCCGAACGTTTCCGTCGTCGACCTGACCGCTCGTTTGGAGAAGCCGGC
CTCATTGGACGCCATCAAGGCGGCGGTGAAGAAGGCTGCCGAAGGGAATTTGAAGGGCATTTTGGGTTACACAGAGGACCAGGTGGTGT
CCACGGACTTTCTTGGAGACAGTCGCTCGTCGATCTTCGACGCTGGGGCGTGCATCTCGTTGAACCCGCACTTTGTCAAGTTGGTCAGC
TGGTACGACAATGAATTT

Fig.2.The5'-flanking andcodingnucleotide sequenceofgpdgenefrom G. ros. Nucleotidesare
numberedfromtheATGstartcodonwithAbeingposition+1.ATGstartcodon,TATApromoter
elements, CAAT promoter elements and frans-splicing acceptor site are boxed. CpG doublets
surround the TATA and CAAT box areinbold. The frans-spliced leader (SL-1) sequenceis
showninitalics.Nestedprimersusedbothfor5'RACEandamplification ofthe5'-flankingregion
are underlined. SL-1isftwis-splicedtomRNAatnucleotide Aindicated by anupward arrow
directlyaftertheboxed//wis-splicingacceptorsite.

3.4.Potential cis-regulatoryelements ofthe5'-flankingregionofgpd
130bpupstream ofthe splicing acceptor site, two TATA boxes - RNA polymeraseII
subunit TBP (TATA box binding protein) binding sites -are present. 65 bp upstreamof
the TATA boxes, there were two typical CAAT boxes, which areacommon motifin
eukaryotic promoters. Another remarkable feature is theCpG islands, which contain
concentrations of CpGdoublets and often surround the promoters of constitutively
expressed genes;eight suchmotives werefound upstream of oneof thetwoTATA boxes
and six immediately downstream ofit.Itis noted that the ATG translation start site was
preceded with four adenine residues (Fig.2), aphenomenon frequently observed in C.
elegansgenes [16].
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3.5.Transformation ofC. eleganswithgpd promoterGFPfusion construct
Construct gpd95.75 wasmadebyfusing the 769bpgpd5' upstream region inframe with
gfp.Thisconstructwasinjected intoC. elegansadulthermaphrodite gonadstogether with
rol-6 containing constructpRF4.Transgenic lines wereestablished. About 15-40%of the
progeny (Fl) inherited the plasmidarray.Four suchlines werekept.About 40 transgenic
animalswereexamined. Thoughtheintensity ofGFPexpressionvariedbetween different
individuals, alllines showed similarexpression patterns and GFPwasmainly localized in
body wall muscle cells. In some
transgenic
nematodes,
GFP
expression was also detected in
vulva muscle cells (Fig. 3.a, V.).
GFP expression was observed in
embryos and different larval
stages. In embryos, the GFP
expression was seen as many
bright spots (Fig. 3.b). In the Jl
larval stage just before hatching,
GFP expression was also visible in
body wall cells. Upon close
inspection, clear green striated
muscle fibers were observed in
body wall muscles (Fig. 3.c, 3.d).
The mosaic expression of GFP in
transgenic C. elegans is not
unusual. It could be due to the
mosaic inheritance of the
extrachromosomal array, or by
other mechanisms preventing the
introduced genes to be expressed,
as evidenced by mosaic expression
of integrated genes[17].

Fig.3.GFPexpressiondrivenbythegpdpromoterof G. rostochiensis inC. elegans. (3a) GFP
expressioninanadulthermaphrodite(arrowspointtofluorescent fibers, V=vulva,bar=80urn
(3b) C. eleganseggsexpressingGFP,bar=16um.(3cand3d)GFPexpressioninmuscle fibers
inadulthermaphroditeathighermagnification. Bar= 80um.

4. Discussion:
Knocking out individual pathogenicity factors is the obvious way to establish the
importance of these factors in the interaction plant parasitic nematode - plant. No
protocol is available yettotransform plant-parasitic nematodes. Bythe identification of a
homologous promoter that could drive gene expression in plant-parasitic nematodes, a
first step is made towards transformation of these parasites. To that end , we cloned a
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GAPDH-encoding gene and its 5'-flanking region from the potato cyst nematode G.
rostochiensis, which isthe first gpdgene isolated from plant parasitic nematode species.
Thededuced amino acid sequence of thisgpdgene showed high homology with GAPDH
proteins from other species. Using GFP as a reporter, it was shown that a 745 bp
fragment of the G.rostochiensis gpdpromoter is able to drive transcription in transgenic
C.elegans.Both in larvae and adults of C. elegans,GFP accumulation was observed in
body wall muscles mainly. The observation that a truncated promoter - even when it
includes only several hundred base pairs - still results in tissue specific expression
patternsinC. elegansisnotunusual [18,19].
Previous immunological studies in preparasitic second-stage juveniles of G.
rostochiensisrevealed asimilar expression pattern ofgpd [DeBoer,unpublished results].
gpd-2 and -3from C. elegans are preferentially expressed in body wall muscles during
postembryonic larval development, too [20]. Unfortunately, itishardtodirectly compare
thepromoter regions of gpd-2 and -3 from C.eleganson the one hand and gpd from G.
rostochiensis on the other because gpd-2 and -3 are located downstream in a single
operonproceededbythemai-1gene [9].Itisnousecomparing thetranscriptional control
of a polycistronic mRNA precursor with the control of a single gene. Nevertheless, our
resultsindicatethatcertainregulatoryelementsinthegpdpromoterregionarerecognized
bytrans-actingfactors from C. elegans.
The mRNA coding for GAPDH in G. rostochiensiswas shown to be preceded by a
spliced leader. The first 22 nucleotides at the 5'-end of mature mRNA of GAPDH were
identical to the trans-splictd leader SL1 of C. elegans [21].Trans-splicing of mRNAs is
a common phenomenon in C. elegans;it is estimated that at least 70% of the mRNAs
have a SL1 sequence [22].The free-living nematode C.elegansis only distantly related
toobligatory plant-parasitic nematodes. Among the latter, spliced leaders were shown in
a few occasions only. In Meloidogyne incognita, a putative esophageal gland protein
gene was trans-splicedto a splicing leader sequence differing at one base pair with C.
elegansSL1 [5].In G. rostochiensis,a potato cyst nematode, a SL1 encoding gene was
present in tandem repeating units together with the 5S ribosomal RNA gene [23].In this
paper we show that the presence of SL1 genes in G. rostochiensisresulted in mRNA
containing a SL1 sequence at its 5'-end.Presumably trans-splicing to SL1 is a common
phenomenon inG. rostochiensis,just asitisinC. elegans.
In C.elegans, SL1 tends to be spliced very close to the translation start site; in more
than 95% percent of surveyed genes, splicing leaders are placed within 30bp of the
translation start site [16]. In B. malayi, similar very short 5'-UTRs were also observed
[24]. Thus SL1 appeared to be involved in translation initiation. However the distance
from thesplicing sitetothetranslation start siteofgpdmRNA is66bp,muchlongerthan
reported from the above two species. The significance of a long 5'-UTR to translation
initiation isnotclearyet.
Within the ancient phylum Nematoda, free-living nematodes such as C. elegans and
plant-parasitic cyst nematodes diverged more than 100million years ago. Nevertheless,
we identified some highly conserved characteristics between these species: G.
rostochiensisgpdisfrans-spliced toaspliced leaderidentical to SL1from C. elegans, the
splicing acceptor site of gpd is virtually identical to C. elegans. GAPDHs from both
species are about 80% identical at amino acid level. The non-conserved part of our
results, the putative promoter region of gpd, is a good starting point for the
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transformation ofcystnematodes.
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Summary and concluding remarks
Section 1.01 Summary
Oneof thefundamentals of thisthesis isthedevelopment of anew strategy to identify
pathogenicity factors from the potato cyst nematode Globodera rostochiensis.This
was needed because the strategy used so far - the antibody-based isolation and
identification of putativepathogenicity-related proteins followed bythe cloning of the
corresponding cDNAs -appeared tobe suitablefor alimited number of pathogenicity
factors only. As a starting point, three independent selection criteria were defined.
Firstly,putativeparthogenicity factors shouldbe expressed solely orpredominantly in
the only infective stage of the potato cyst nematode, the pre-parasitic second stage
juvenile. Secondly, pathogenicity-related genes were hypothesised to be specifically
expressed in the esophageal glands of pre-parasitic second stage juveniles. Thirdly,
pathogenicity factors will act outside the nematode and, as a consequence, the
predicted proteins should be preceded by a signal peptide for secretion. It should be
stressed that these criteria are not necessarily watertight; there could be pathogenicity
factors that do not meet all criteria. However, this strategy allowed us to efficiently
select putative pathogenicity factors among thousands of expressed genes. Moreover,
application of these criteria resulted in the isolation of an unprecedented number of
putativepathogenicity factors from thisobligatoryplantparasite.
cDNA-AFLP technology was used to compare mRNA pools from five highly
synchronous different developmental stages. Visualisation of the expression patterns
of thousands of genes allowed us to select for genes predominantly expressed in
infectivejuveniles (the first selection criterion). The spatial expression patterns of the
selected genes were then checked byinsituhybridization. Finally, genes that areboth
up-regulated in the infective J2 stage and specifically expressed in the dorsal
esophageal gland of theinfective J2werechecked for thepresence of a signal peptide
for secretion. This strategy resulted inthe identification of the first three dorsal gland
specific nematode secretory genes. Their presence in the dorsal glands of infective
juveniles suggests that these proteins are probably involved in feeding cell initiation,
and not in migration in the plant root or in protection against plant defence responses
(Chapter2).
cDNA-AFLP allows for the comparison of corresponding transcript-derived
fragments (TDFs),relatively short cDNA fragments, between different mRNA pools.
In order tolink expression data directly tocDNA sequence data, and viceversa,abidirectional link between TDF identifiers and cDNA sequence data (including ESTs)
would be very useful. For this purpose, we have developed a computer program
named GenEST that predicts the sizes of virtual transcript-derived fragments (TDFs)
of in silicodigested cDNA sequences retrieved from databases. The vast majority of
the resulting virtual TDFs could be traced back among the thousands of TDFs
displayed on cDNA-AFLP gels.As aconsequence, cDNA sequence databases can be
screened very efficiently to identify genes with relevant expression profiles. On the
other hand, using the restriction enzyme recognition sites, the primer extensions and
the estimated TDF size as identifiers, the DNA sequence(s) corresponding to a TDF
with an interesting expression pattern can be readily identified from sequence
databases. Using this powerful bioinformatics tool, various novel pathogenicity
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factors were identified. We believe that this tool would be very useful for functional
genomics studiesinothersystemsaswell(Chapter3).
In Chapter 4, we have identified from the potato cyst nematode the first expansin
geneoutsidelandplants.TheC-terminalhalf oftheprotein encoded bythis nematode
gene shares significant homology withplant pexpansins, whereas theN-terminalhalf
appears to be a family II cellulose-binding domain, which is specific for bacterial
cellulases. Expansin activity was found in the infective second stage juveniles.
Moreover, strongly enhanced expansin activity was detected in transgenic tobacco
plant expressing this nematode expansin gene. The nematode expansin gene was
expressed only in the subventral secretory gland and specifically up regulated in the
infective second stagejuveniles. A signal peptide for secretion is predicted for this
nematode protein. This nematode expansin presumably facilitates the intracellular
migrationthroughplantrootsbylooseningplantcellwalls.
Using the strategy as described in Chapter 2 in combination with the computer
program developed in Chapter 3 resulted in the identification of RanBPM (RanBinding Protein in Microtubule organization)-like gene family with - at least - 8
members. These infective-stage specific genes are predominantly expressed in the
dorsal esophageal gland of pre-parasitic second stagejuveniles.Theproteins encoded
by these genes are probably secreted by the nematode into plant cells and might be
involved in the syncytium induction by changing the dynamic instability of
microtubules (Chapter5).
To assess the relative importance of putative pathogenicity factors from the potato
cyst nematode, a transformation protocol is urgently needed. Towards this end, we
have cloned the promoter region of the glyceraldehyde-3-phosphate-dehydrogenase
gene (GAPDH). We have shown that this promoter is also functional in
Caenorhabditis elegans.Thispromoterregion of GAPDH couldbe avaluable tool to
drive gene expression in transgenic G. rostochiensisand other related plant-parasitic
nematode species (Chapter6).
Section 1.02 Assessingtheimportanceofpathogenicity factors
It has become clear from this research and other studies that, like many fellow
parasitic microbes, the plant parasitic nematodes produce a battery of pathogenicity
factors to infect their host plants. More and more putative pathogenicity factors have
been or will be cloned from various plant parasitic nematode species. The way in
which these factors were identified implies that we mostly do not know their exact
function nor their importance in pathogenicity. There is an urgent need for reliable
methodsallowingustoevaluate theimportance of candidate parasitism genes.Here,I
wouldliketodiscuss severalpossible approaches.
(a) Nematode transformation
Atransformation protocol of the potato cyst nematode would be very useful either to
knockout one putative pathogenicity factor or test whether one protein may function
as an avirulence factor. For several free-living nematode species, such as C.elegans,
genetic transformation achieved by microinjection of DNAinto the developing gonad
of the nematode is a routine technique. However, for plant parasitic nematodes there
areseveralmajor obstacles:
- they are obligatory plant parasites, which means it is not possible to raise them in
largenumbersonadefined mediuminpetri-dishes;
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- they have a long life cycle, followed by a diapause of several months. So a cyst
nematodelife cycletakesmonthsinstead ofacoupleofdaysasforC. elegans;
-thereisnoselective markersavailable for easyidentification of the transformants;
- the female body is surrounded by a thick cuticle and no internal structures can be
seen.
Despite these difficulties, many labs have attempted to transform these nematodes. In
Chapter 6 of this thesis, the promoter of GAPDH gene was fused to a reporter gene
green fluorescence protein (GFP) and thispromoter was shown tobe functional in C.
elegans. Recently, this construct was delivered into the potato cyst nematode by
biolistic bombardment and GFP expression was detected in treated preparasitic J2
(Jone Jones, personal communication). However, the transformation efficiency was
ratherlowandfurther optimisation isneeded.
(b) Double-stranded RNA
Introduction ofdouble-stranded RNA(dsRNA)hasbeen showntospecifically disrupt
the activity of genes containing homologous sequences in C.elegans [1].dsRNA can
be delivered in several ways to achieve this gene silencing effect: (a) it can bemicroinjected intothebodycavityofthenematode;(b)bacteriatransformed withadsRNAencoding construct can be fed to the nematode; (c) the nematode can be soaked in
solutions containing dsRNA. Because of the difficulties inherent in micro-injecting
plant parasitic nematodes, the first method is apparently not suitable. The second
option is unpractical because obligatory plant parasitic nematodes do not feed on
bacteria. To overcome this difficulty, host plants can be transformed with constructs
encoding dsRNA. When nematodes are feeding on the transformed plants, they will
automatically take up dsRNA. It was shown that the 21-23 nucleotide fragments of
dsRNA are guiding targeted mRNA degradation [2;3]. Such small dsRNA molecules
should easily pass the narrow stylet opening of the nematode. It is also worth testing
whether soaking the plant parasitic nematodes in dsRNA solution will also have the
sameeffect asfor C. elegans.
(c) Inhibitory antibody
An ingenious approach is to use the so called 'plantibody' - to express in planta
single chain antibody (scAb) that has high binding affinity to the candidate
pathogenicity factors in order to inactivate these nematode proteins [4]. In this way,
the functionality of putative pathogenicity factors could be assessed. It is probably
feasible and likely tobebeneficial toexpress both scAb and dsRNA at the sametime
and in the same nematode feeding sites in order to achieve the maximum silencing
effect.
(d) Transient transformation I:PVX
As an alternative to knock out genes, putative pathogenicity factors can be overexpressed in plants either transiently or stably. The phenotypes resulted from overexpression of thenematodeproteinscould giveanindication of itsroleinparasitism.
Virus expression vectors, such as the potato virus X (PVX) vector, can be used to
transiently transform plants [5].Severalcandidateparasitism genesidentified from the
potatocystnematode eitherbycDNA-AFLP orESTtechnique (seeChapter 2,3,4, 5)
have been cloned into the PVX vector and transformed into Agrobacterium
tumefaciens. Agrobacterium colonies containing the recombinant constructs were
used toinfect severalplant species,includingNicotianabenthaminana and tomato.In
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some cases, the infected plants displayed unusual phenotypes (Ling Qin & Aska
Goverse,unpublished).However,theseobservations werecomplicated bythefact that
the expression of non-pathogenicity-related genes in some cases also inflicted similar
symptoms on plants. It might be that under viral infection, plants may respond
abnormally to the high level expression of certain foreign proteins. Therefore, it is
hardtodrawfirm conclusions from suchexperiments.
(e) Transient transformation II:protoplasts
Thedifficulties related tovirus-mediated transient gene expression canbe avoided by
the transformation of protoplasts with plasmids encoding putative pathogenicity
factors. The resulting phenotype can then be interpreted without the complicating
factor of a viral infection. If a certain intracellular process is suspected to be altered
by the nematode gene products, this would be a powerful approach. However, the
physiology of protoplasts is rather different as compared to that of intact cells within
theplant.Theapplicability ofthisapproachmayberather limited.
(f) Stableplant transformation
Although stable plant transformation is more time consuming than transient
transformation, it has several advantages. First, it is easier to interpret the results
because no viral infection is involved. Second, the effect of the ectopic expression of
the nematode genes can be observed under natural conditions at various tissues and
during the developmental process. A special example of this strategy is described in
Chapter 4. To prove that the plant expansin homologue from the nematode has
expansin activity, tobacco plant was transformed with the nematode expansin gene.
Constitutive expression of Gr-ExpBl in tobacco resulted in a significant increase of
expansin activity. In this way, we were able to confirm the nature of this putative
pathogenicity factor.

Section 1.03 Theimpactofgenomicsandfunctional genomicsonplant
nematology research
Development of new andpowerful technologies has always been the driving force for
the progresses in biological research. Plant nematology research is no exception.
Equipped with microscopes, plant nematologists were able to observe the plant
nematode interaction atthe cellular level.With the aid of electron microscopes, many
details of the intimate plant-nematode interaction have been revealed at the
subcellular level. In recent years, various molecular biology techniques have enabled
plant nematologists to study the molecular basis of this intriguing interaction. The
trend in the pastis going deeper and deeper from the whole organism down to single
molecules. Nowadays, using genomics and functional genomics tools, one can not
only study single molecules, but also can look wider at the same time - it is possible
nowtostudyalargenumber, ifnotthewhole set,of genes simultaneously.
The availability of complete sequence information of all coding regions in a
genome is crucial if we wish to obtain a fundamental, mechanistic insight in any
particular organism. This has already been achieved for a number of organisms
including the free-living nematode C.elegans [6-8], which serves as a model system
for developmental biologists. The extreme high cost (estimated 0.2 US$ per
sequenced and annotated base,for anematode genome of around 100Mb,this means
roughly 200 million dollars!) at this time prohibits the sequencing of a pathogen like
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the potato cyst nematode or any other plant parasitic nematode for that matter.
However, if the cost of sequencing decrease as drastically as it does today, maybe in
tenyearstime,thiswillbe feasible.
Forthetimebeing,thebestwaytodiscover alargenumber of genes with amodest
investment is the expressed sequence tag (EST) approach [9]. Because many genes
are developmentally regulated, it is better to construct cDNA libraries used for
generating ESTs from several distinct life stages of thenematode, especially from the
parasitic stages.Agood quality gland-specific library would lead tothe sequencingof
a higher percentage of parasitism-related genes. Recently, a big EST project to
sequence from several root knot nematode species (Meloidogyne spp.) and the
soybean cyst nematode Heterodera glycines has started (http://www.nematode.net/).
Around 15,000 ESTs will be generated from various stages from each of these
nematodes and the EST data will be publicly available. This will be a very useful
resource for further studies.
The limitation of EST approach is that it will not reveal the potential functions of
the genes if they do no share homologies with functionally annotated genes in the
database. It is therefore necessary to link ESTs with functional genomics techniques,
which canreveal theexpression patterns of alargenumber of genes. InChapter 3,we
havedeveloped software GenESTtolinkESTswithcDNA-AFLP expression profiles.
Using GenEST, ESTs, which are predicted by the program to have interesting
expression patterns, can be quickly identified. Vice versa, using the identifiers of a
band displayed on a cDNA-AFLP gel, the DNA sequence(s) corresponding to this
band can be obtained. As an alternative, the expression pattern of ESTs can also be
analyzed usingtheever-popular cDNAmicroarraytechnique.
Equally if not even more informative is the proteomics approach, i.e.,the profiles
of a large number of proteins. Due topost-transcriptional regulation, mRNA stability
and some other processes, the protein content is not necessarily the same as that of
mRNA. Above all, it is the proteins that carry out various physiology functions.
Therefore, the direct analysis of proteins bears more biological relevance. In the past,
careful 2D-protein gels are used to analyze the changes of hundreds of polypeptide
during various developmental stages and protein spots showing interesting pattern
changes were found [10].Due totechnical difficulties atthat time,it wasnot possible
todetermine the identity of these proteins. Today, the 2D-gels are more sensitive and
have higher resolutions. The amino acid sequences from minute amounts of proteins
can be readily determined by mass-spectrometry technology. Proteomics of plant
nematology will certainly become an interesting and fruitful research area in the
comingyears.
Genomics and functional genomicsarechanging theway of conductingresearch in
plant nematology. Choosing the right and developing new bioinformatics tools are
becoming more and more important to organize the enormous amount of sequence
data and expression profile data. Appropriate software is also helpful to discover the
genesthat areimportant for thepathogenicity of the nematode, as shown in Chapter 3
ofthisthesis.
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Proposaland Research Plan
BestOpportunity
forIdentifyingSecretionsfromPlantParasitic
Nematode
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Mab approach started more than 10 years ago. has resulted in cellulase in our lab.
Butthismethodhasserious limitationsto bea productive way ingettingthesecretions
and isalso very time-consuming and labour intensive. Realising this, people now are
trying alternatives at the DNA level like random EST done In Scotland, yeast signal
peptide selection system in Hussey's lab. There rs not enough data yet to evaluate
these options, although it is already clear that certain disadvantages do exist. Here I
propose, what inmyeyes,amethodthatoffers thebest opportunity at thisstage.
cDNA AFLP was developed recently in Plant breeding department in LUW ( Rant J,
1998.
9(5),
745-753;
the
whole
procedure
is
available
at
http:/Vwww.spg.wau.nl/pv/research.htm), which has certain advantages over tne
differential display method. And most importantly, Peter and Paul are very
experienced inAFLPtechnique.
I intend to use this method to look for differentially expressed genes of cDNA
populations between water- hatched (orwater soakedcysts) and PRO- hatchedJ2 of
G.ros.mRNA can readilybeextractedfrom targequantities of J2orcysts using Trizoi
and converted to cDNA primedwitholigo-dT primer. RT-PCR could be done to check
if expression of cellulases differs, if it does, this wili give you some confidence that
other pathogenecity-related factors might also be expressed at different levels, or
more ideally-positive against negativeNext, as Herman is trying or willtry to make cDNAs from scaled-down materia!, if if
works fine, we can also perform cDNA AFLP on two populations of anterior ana
posterior nematode cDNAs.orevenonglandspecificcDNAs.
If interesting differentially expressed bands can be seen, we can get the sequerce
information by directly sequencing PCR amplified DNA from gel. Then homology
search inthe data base may provide us with some useful information concerning the
identity of this differentially expressed gene. Full length clone can be picked up from
cDNA library using PCR.Insituexperimentscouldgeneral©moreevidence,
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