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Bibliographic abstract 
This thesis describes the identification of ß-l,4-endoglucanases (cellulases) in stylet 
secretions of the two cyst nematodes species, Globodera rostochiensis and Heterodera 
glycines. A novel method was developed to raise monoclonal antibodies that were 
directed to subventral oesophageal gland secretions. These monoclonal antibodies 
were used to characterise and to immunopurify two secretory proteins. Partial 
sequence data from these proteins enabled the cloning of two homologous genes from 
each of the two cyst nematode species. The predicted amino acid sequences revealed a 
high similarity with bacterial cellulases, whereas no homology was found with 
eukaryotic cellulases. Evidence is provided for the endogenous origin the nematode 
cellulases that may have been acquired from bacteria by horizontal gene transfer. 
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Chapter 1 

General Introduction 

The annual losses world-wide caused by plant-parasitic nematodes are estimated to be 
approximately 100 billion US dollar [77]. This represents one third of the total losses 
caused by pest and diseases in commercially grown crops [94]. A substantial part of 
the losses is due to infestations by root-knot nematodes (Meloidogyne spp.), and cyst 
nematodes (Heterodera spp., and Globodera spp.). In the past the control of these 
nematodes relied on a combination of crop rotation, the use of nematode resistant 
cultivars, and the application of nematicides. Because of the undesirable side effects of 
many nematicides, farming has become more dependent on the availability of 
resistance against plant-parasitic nematodes. Such a resistance can either be introduced 
into commercial cultivars from natural sources by conventional plant breeding, or via 
biotechnological approaches. 

Resistance against cyst nematodes acquired via biotechnological approaches 
requires a detailed understanding of the molecular interaction between cyst nematodes 
and host plants [79]. Important in these interactions are those pathogenicity factors 
released by infective cyst-nematode that determine host-nematode compatibility. The 
objective of this thesis is the identification and characterisation of pathogenicity 
factors in oesophageal gland secretions of cyst nematodes. 
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Life history of cyst nematodes 
Cyst nematodes are parasitic on a relatively small host-plant range, e.g. potato cyst 

nematodes can only reproduce on Solanaceous species, such as potato, egg plant, and 
tomato [34]. The infective second-stage juveniles (J2) of potato cyst nematodes reside 
dormantly in eggs in the soil where they stay viable for many years [19,68]. The 
remnant of the body of the parent female, which transforms into a thick-walled cyst 
after death [18], en closes the eggs as a protective container. In some cyst nematode 
species dormant juveniles only hatch from eggs when they are activated by root 
exudates from host-plants [69,70]. Once hatched the juveniles leave the cyst in search 
for a nearby root. The roots of host plants that are encountered by juveniles are 
subsequently invaded at particular sites, and inside the root the parasitic juveniles 
migrate through the cortex to the stele (Fig. 1.1). 

At this stage they select a cell within or close to vascular cylinder and induce a 
multicellular feeding site, a so-called syncytium [23,54,55]. The syncytium is the only 
means by which the obligatory biotrophic cyst nematodes obtain the necessary 
nourishment to develop into the reproductive life stage. While feeding, the body wall 
muscles in the juveniles disintegrate, and as a consequence they loose their migratory 
abilities [21]. The sex of the juveniles is determined epigenetically early in the 
development. Sex determination is related to protein content and amino acid 
composition of the syncytial cytoplasm [41]. During development females undergo 
extensive swelling of the body, which causes them to burst out of the root epidermis. It 
is estimated that sedentary adult females are able to retrieve 4 times their body volume 
in fluid per day from the syncytial cytoplasm [80]. Adult males regain their mobility 
and migrate out of the root to fertilise the adult females. Migratory males are attracted 
to the females that expose themselves on the roots [40]. Soon after fertilisation female 
nematodes die while still containing their offspring within the rigid cuticle. 

PARASITIC 
JUVENILES 

SYNCYTIUM 

STELE 

Figure 1.1 Soybean root infected with juveniles of the soybean cyst nematode Heterodera 
glycines. The roots are incubated in acid fuchsin, which results in a differential staining of 
the juveniles. The juveniles are feeding from syncytia located in the stele of the root. 
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Parasitic behaviour 
In the parasitic behaviour of cyst nematodes three distinct phases can be discerned: 

i) penetration of the root, ii) intracellular migration, and selection of the initial 
syncytial cell, and iii) induction and maintenance of a syncytium. These three phases 
have been studied in detail for several nematode-plant interactions, e.g. Globodera 
rostochiensis on tomato (Lycopersicon esculentum) seedlings [84], Heterodera 
cruciferae on Brussels sprouts (Brassica oleracea var. gemmifera) [22], Heterodera 
schachtii on the crucifers oil rape (Brassica napus) [98], rapeseed (Brassica rapa) 
[96], and Arabidopsis thaliana [39]. Despite the differences between individual plant-
nematode combinations the basal modus operandi is the same for all cyst nematodes 
species. In the following paragraphs the three phases will be reviewed with an 
emphasis on the role of nematode secretions. 

Phase I: Penetration of roots 

In 1972 Steinbach [84] published a detailed time-course study on the penetration of 
G. rostochiensis (at that time classified as Heterodera rostochiensis) in young tomato 
seedlings. He described how J, preferentially invaded the epidermis cell layer of the 
root at the differentiation zone. Others have observed that H. schachtii [98], H. 
cruciferae [22], and H. glycines [1] preferentially invade the root either at the 
elongation zone or at the base of emerging lateral roots. 

In the proximity of roots the G. rostochiensis juveniles show elevated stylet activity 
presumably under the influence of root exudates [84]. After initial uncoordinated and 
undirected stylet thrusts the nematodes continued with careful touching of a small 
selected area of the epidermal cell wall. Steinbach suggested that nematodes release 
secretions containing cellulolytic enzymes while touching the cell wall [84]. After 19 
min. of localised and enforced stylet thrusting, at a rate of 120 thrusts per min., the 
stylet completely perforated the cell wall for the first time. Cyst nematodes repeat this 
action a number of times thereby creating a slit in the epidermal cell wall. The 
juveniles enter the epidermis by forcing their head skeleton through the slit. The 
complete penetration of the epidermis of G. rostochiensis lasted approximately one 
hour from the first contact with cell wall onwards [84]. 

Phase II: Intracellular migration and selection of initial syncytial cell 

Following penetration cyst nematodes move intracellularly through several cortical 
cells towards the vascular cylinder [75,84,98]. Each time the migrating juvenile 
encounters a cell wall it cuts a slit in it by highly co-ordinated stylet thrusts (up to 150 
thrusts per min.). The destructive force used by cyst nematodes during their migration 
through the root cortex results in a necrotic reaction of the cells aligning the migration 
track [73]. In potato roots infected with G. rostochiensis and Globodera pallida the 
necrotic browning in cells on either side of the migration track results in extensive 
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autofluorescence [75]. 
At the molecular level, Hansen et al. [45] reported the up-regulation of wunl, a 

wound inducible-promoter, in potato tissue infected with G. pallida. Previously, the 
transcriptional activation of wunl was correlated with callose deposition [58]. Root-
knot nematodes, Meloidogyne spp., which migrate intercellularly, did not induce this 
promoter. Hence the migration strategy used by root-knot nematodes has less 
devastating effects in the cortex than the one adopted by cyst nematodes. In addition, 
the expression of the cell wall protein extensin is up-regulated at the necrotic 
penetration sites and migration tracks in tobacco infected with Globodera tabacum 
[63]. A similar transcriptional activation pattern with a fragment of the gstl promoter 
was observed in cortex cells of potato roots infected with G. pallida [87]. The gstl 
gene was previously characterised as a plant hormone-responsive defence gene 
encoding glutathion-S-transferase [44]. Moreover, in a less localised mode the 
infection of potato with G. pallida is accompanied by the transcriptional activation of a 
potato catalase gene [64]. 

During their migration through the cortex the oesophageal gland cells in H. 
schachtii [98] and H. glycines [1] are packed with secretory granules which is 
interpreted as a measure for the activity of the gland cells (Fig. 1.2). However, Wyss 
concluded that in the case of H. schachtii secretions from these gland cells are not 
involved in the migration of these juveniles because the pump chamber in the 
oesophageal metacorpus was not active, and no flow of secretions was observed 
during intracellular migration [98]. Migration of the J2 in the cortex was therefore 
thought to occur by means of mechanical force only. 

STYLET SECRETIONS 

PUMPCHAMBER 

DORSAL GLAND CELL 
NUCLEUS 

DORSAL OESOPHAGEAL 

GLAND CELL 

Ä ä — STYLET 

- OESOPHAGUS 

; — METACORPUS 

SUBVENTRAL GLAND 
CELL EXTENSIONS 
ALIGNING THE OESOPHAGUS 

SECRETORY GRANULES 
IN SUBVENTRAL 
OESOPHAGEAL GLAND CELL 

Figure 1.2 Image of the anterior part of a H. glycines J2 acquired with Nomarski optics, 
which is illustrating the oesophagus and oesophageal gland cells. Precipitated stylet 
secretions are visible as particulates at the tip of the stylet. 
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As soon as the juveniles reach the vascular cylinder their somewhat blunt behaviour 
changes into a more refined probing of neighbouring cell walls. This exploratory 
behaviour may take several hours during which the juveniles apparently determine 
whether a cell is suitable for syncytium induction. At present those factors decisive for 
the selection of the initial syncytial cell are not well understood. Golinowski et al. 
[39] observed in A. thaliana roots that H. schachtii juveniles show a marked 
preference for (pro)cambial cells as their initial syncytial cell. Juveniles of H. schachtii 
infecting plants under conditions favouring male development only induce functional 
syncytia in pericycle cells [83]. By contrast, juveniles of G. rostochiensis usually 
select a cortical cell in potato roots to initiate a syncytium [20,56,73]. Juveniles of H. 
glycines infecting soybean roots are less stringent in their selection of the initial 
syncytial cell: syncytia were initiated in cortex, endodermis, pericycle, and phloem 
parenchyma cells [25,30]. Nevertheless, when taking into consideration the time used 
by the nematode to select an initial syncytial cell, and the specificity of the cell type it 
selects, it seems plausible that the juvenile is perceptive for signals indicating the 
ability of a cell to differentiate into a syncytium. These signals can either originate 
from the cell under scrutiny by the juvenile. Alternatively, the nematode may be able 
to interpret positional information defining cell differentiation [78,92]. 

Phase III: Initiation, and maintenance of the syncytium 

Juveniles can only initiate a syncytium in a selected cell when the protoplast does 
not collapse after the first complete perforation of the cell wall. At the following steps 
of the syncytium initiation the stylet ceases to move and remains protruded in the cell 
lumen for several hours [80,85,96,98]. During this preparation period no ingestion is 
observed, but Wyss [98] noted significant changes in the activity of the oesophageal 
glands cell in H. schachtii. Secretory granules accumulated in the ampulla of the 
dorsal gland, whereas the number of secretory granules in the subventral gland cells 
decreased. The end of the preparation period is demarcated by continuous pulsation of 
the pump chamber in the median bulb. 

It has proven to be difficult to unravel the molecular mechanisms underlying 
syncytium formation due to a poor accessibility and recognition of the initial syncytial 
cell. Syncytia are thought to arise from root cells by intervention of the normal 
developmental program of the cell. The strongest line of evidence to support this 
hypothesis comes from the transcriptional activity of two promoters, cdc2a and 
eye I At, that are indicative for cell cycle activity in A. thaliana. Cdcla is a protein 
kinase that may reflect the competence of a cell to divide [47], whereas eye 1 At is only 
expressed early in the transition from G2 to M phase in the mitotic cell cycle [35]. 
Both promoters are activated during syncytium initiation by H. schachtii in A. 
thaliana. In addition, moderate levels of 'H-thymidine incorporation were observed in 
syncytial nuclei induced by H. glycines [26] and H. schachtii [62]. Cells at the border 
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of syncytia induced by H. schachtii showed 3H-thymidine incorporation, too [38]. 3H-
thymidine incorporation indicates that a cell proceeds through the S-phase of the cell 
cycle. Gheysen et al. [38] suggested that cyst nematodes could force the syncytial 
nuclei into repeated cycles of endoreduplication. As no complete mitosis is observed 
in syncytia, endoreduplication may be the consequence of shunting the cell cycle at the 
G2/M to the Gl phase [62]. Alternatively, syncytial cells may also arise from initial 
mitotic stimulation of cells at the borderline of the syncytium [38]. 

G. rostochiensis [85] and H. schachtii [96,98] juveniles feed from the syncytium in 
a consistent pattern of repeated cycles of nutrient ingestion (I), retraction and re­
insertion of the stylet (II), and salivation (III). This feeding pattern is only interrupted 
during moulting when the juveniles refrain from feeding. While the intervals of stylet 
retraction and re-insertion, and salivation remain fairly constant in time, the 
developing juveniles use increasingly more time for nutrient withdrawal. 

During each salivation-period a new intracellular feeding tube is formed in the 
cytoplasm of the syncytial cells (Fig. 1.3). In the case of cyst nematodes the feeding 
tubes are amorphous structures embedded in endoplasmic reticulum. The basal part of 
the feeding tubes is connected to the plasmamembrane just opposite to the stylet 
orifice. The origin and the nature of the feeding tube is not clarified yet, but there are 
several observations indicating that feeding tubes are at least in part formed from 
oesophageal gland secretions [50]. In the initial syncytial cell the inserted stylet does 
not penetrate the plasmamembrane, but is invaginated by it. It is not clear how gland 
cells secretions pass the plasmamembrane to form a feeding tube in the plant 
cytoplasm without disturbing the integrity of the plasma membrane. It is difficult to 
imagine an active transport mechanism that facilitates the transport of secretions 
across the membrane. Therefore, nematodes may have evolved a sophisticated method 
to make a minute opening in the plasma membrane. Considering the high pressure 
(9,000-10,000 hPa) in the syncytial cells [14] the connection between the stylet orifice 
and the plasmamembrane should be able to resist extreme forces. 

The prevailing view on the function of a feeding tube envisages that it filters 
ingested cytosolic fluid from syncytial cells thereby preventing the stylet from 
choking. This view originates from the experiments done by Böckenhoff and Grundler 
[14] who determined a size exclusion limit (Stokes radius of 3.2 to 4.4 nm) for the 
uptake of dextrans from syncytia by H. schachtii. The stylet orifice of cyst nematodes 
is approximately 100 nm [27,97] wide thus can not explain the exclusion limit found. 
It is not clear to what extent the size exclusion limit is also relevant for proteins in the 
cytosolic fluid. Small proteins such as the oryzastatin protein inhibitor (17 kDa) [90] 
and the green fluorescent protein (27 kDa) [91] are not excluded from ingestion by the 
feeding juveniles. 

The syncytium is the sole nutrient source for cyst nematodes during their 
development. The scientific interest in cyst nematodes can be ascribed to cellular and 
molecular structure of the syncytia. There is ample descriptive data in the literature on 
nematode-induced syncytia [13,30,39,54-56,60,73,83,97]. In summary, syncytia 
develop from cells that are fused to the initial syncytial cell by cell wall degradation at 
the pit fields. The process of cell incorporation continues till the fourth developmental 



General introduction 

stage of the juvenile. Characteristically, cells incorporated in the syncytium have dense 
cytoplasm that is filled with ribosomes, endoplasmic reticulum, lipid bodies, 
mitochondria and plastids. Syncytial nuclei are hypertrophied, and have an irregular 
shape with prominent nucleoli. The central vacuole is replaced by numerous smaller 
vacuoles, sometimes associated with paramural bodies including remnants of degraded 
cell walls. In addition, the syncytial cells become increasingly hypertrophied during 
the course of feeding by the nematode, whereas cells at the perimeter of the syncytium 
show hyperplasy. Cell walls in a syncytium abutting xylem elements have extensive 
finger-like cell wall ingrowths. 

G PCM PCMB 
ACMFC DGD DGOA 

Figure 1.3 Drawing of a H. schachtii J2, feeding from an initial syncytial cell, approximately 
36 h after induction (ACM = anterior sphincter muscle of the metacorpal bulb; DGV = dorsal 
gland valve; DN = dorsal oesophageal gland nucleus; FC = oesophageal lumen; FT = 
feeding tube; ISC = initial syncytial cell; MB - metacorpal bulb; N = hypertrophied nucleus; 
PC = pump chamber; PCM = posterior sphincter muscles of the metacorpal bulb; PM = 
stylet protractor muscles; SG = secretory granules; St = stylet; SVGDA = subventral gland 
ampulla; SVGV = subventral gland valve; SVN = subventral oesophageal nucleus; V = 
vacuole; WS = remnants of degraded cell walls; Z = zone of modified cytoplasm; Courtesy of 
Dr. U. Wyss). 

For weeks the biotrophic cyst nematodes continuously retrieve enormous amounts 
of water and solutes from syncytia induced in host plants [80]. The question is how 
plant metabolites, ions, and water in syncytial are replenished from surrounding plant 
tissue to prevent a metabolic crash in the syncytial cells. Böckenhoff et al. [15] have 
shown that syncytia induced in A. thaliana roots by H. schachtii function as metabolic 
sinks for phloem derived l4C-labeled sucrose. Phloem unloading of plant assimilates 
into syncytia was shown to be strictly unidirectional, and could therefore not follow 
the regular symplastic pathway. This observation led the authors to the conclusion that 
some yet unknown anomalous pathway of solute transport mediates the transport of 
assimilates from phloem into syncytia [42]. 
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Structures similar to the cell wall ingrowths in the syncytial cell walls abutting 
xylem elements are found in transfer cells [56,66]. Transfer cells are associated with 
intensive apoplastic transport over short distances in various plant organs, e.g. 
reproductive tissues. The cell wall ingrowths in syncytia result in a significant increase 
in surface area of the aligning plasma membrane, thus facilitating a strong influx of 
water and ions from xylem vessels into the syncytial cells. Since nematodes can only 
retrieve nutrients in a solubilised form there is an obvious high demand for water in 
syncytia, that needs to be supplied from xylem elements. 

The key question is how cyst nematodes induce the aforementioned changes in plant 
development. It has been shown for root-knot nematodes that a continuous stimulus 
from the nematode is required for feeding cell maintenance, though such a signal 
molecule has not been identified in cyst and in root-knot nematodes. Williamson and 
Hussey [95] have postulated a model that could explain how secretions released by the 
nematode trigger the formation of a syncytium. Pathogenicity factors in secretions may 
interact with receptors in the extracellular matrix, or in the initial syncytial cell 
membrane. Alternatively, signal molecules may initiate a response by binding to 
intracellular receptors, or by interacting directly with the host-plant's 
transcription/translation machinery. 

Nematode secretions 
Secretions or excretions from cyst nematodes that are putatively involved in the 

interaction between plant and nematodes may be produced at four sources in the 
nematode's body —the secretory-excretory pore, the cuticle, the amphids, and the 
stylet. 

Many animals produce an excretory fluid to balance internal ion levels, and to 
eliminate their metabolic waste products. Osmoregulatory functions in nematodes are 
thought to depend on a secretory-excretory system [10,12]. The secretory-excretory 
system is a tubular structure with lateral extensions that opens in the cuticle via a so-
called secretory-excretory pore [9]. Others have suggested that a function for the 
secretory-excretory system may also be the secretion of a glycoprotein surface coat 
[10]. Several lectin species react with secretions from the secretory-excretory pore, 
and the amphids in H. schachtii males [2,3]. However, none of these secretions have 
been identified so far. 

Cuticular exudates accumulate on many cyst-nematode species, e.g. G. 
rostochiensis [37,52], H. schachtii [2,32], and H. glycines [33]. For instance, the 
cuticle of the infective H. glycines J2 is covered with a thin layer of fibrillar exudates 
that originates in the cuticle hypodermis during the establishment of the syncytium 
[33]. Despite their common presence on cyst nematodes the biochemical nature of the 
cuticular exudates has not been elucidated. 

As a third source, secretions may originate in the sheath cells at the basal region of 
the amphids. The amphids are chemosensory organs located adjacent to the stylet shaft 
in the cephalic framework of the nematode's head [27,36,53]. Amphidial secretions 
may contain material that is used in the formation of a feeding plug, between the 
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perforated cell wall of the initial syncytial cell and the protruded stylet [27]. Possibly, 
the feeding plug seals the perforated cell wall during the retraction period in the 
feeding cycle, and during moulting. In more recent studies Jones [53] could not 
confirm that the material of the feeding plug is part of the amphidial secretions, but 
observed a compositional resemblance between material found in the feeding plug and 
in cuticular striae at the utmost anterior region of the nematode's head [52]. 

Historically, secretions from the oesophageal glands have received much attention 
because they are considered to be important factors in the pathogenicity of sedentary 
plant-parasitic nematodes [6-8]. Oesophageal gland secretions are released to the 
immediate environment of the nematode via the hollow stylet [48,49]. Cyst nematodes 
have three single-celled oesophageal glands located directly anterior to the intestine 
[28]. Based on their positions in the pseudocoelom two gland cells are indicated as 
subventral glands whereas the third most anterior gland cell is named the dorsal 
oesophageal gland. In the following paragraphs the structure and function of the 
oesophageal glands are treated in more detail. 

Oesophageal gland cells 
Oesophageal gland cells in cyst nematodes have a typical bottle-like shape, with at 

the basal region a cell lobe and at the apical region a narrow cell extension leading into 
an ampulla (Fig. 1.4 [28]). The subventral oesophageal gland cells are connected to the 
lumen of the oesophagus in the median bulb just behind the pump chamber, whereas 
the dorsal gland cell opens in the oesophagus just behind the stylet base. The positions 
where the gland cells are attached to the oesophagus have been used as an argument in 
the debate about the function of the two types of oesophageal glands (see chapter 3). 

The morphology of the three oesophageal gland cells in cyst nematodes resembles 
the structure of other polarised secretory cells found in many animals [5,24], e.g. 
pituitary [43], parotid and pancreatic acinar cells [86]. A large part of the cytoplasm in 
the gland cells is filled with subcellular compartments involved in the secretory 
pathway of proteins [4,28,46,57,65]. This is illustrated in Figure 1.4 where close to the 
basal membrane of a gland cell a large nucleus with prominent nucleolus is depicted, 
surrounded by an extensive network of rough endoplasmic reticulum. At the perimeter 
of the endoplasmic network numerous Golgi-complexes are observed including small 
vesicles that bud from the trans-Golgi network. Larger, membrane delineated 
secretory granules, completely fill the cell cytoplasm at the more apical region of the 
gland cell lobe [29,31]. The secretory granules are frequently observed to move 
anteriorly through the gland cell extension towards the distal part of the oesophageal 
gland cell, the ampulla [98]. The extensive arrays of microtubuli that are present in the 
gland cell extensions [29] may mediate the selective transport of the secretory granules 
to the ampulla. In the ampulla the secretory granules accumulate awaiting a trigger for 
secretion. Once secretion is initiated in the gland cell the secretory granules in the 
ampulla dock and fuse to the plasma membrane in the ampulla thereby releasing the 
contained proteins by exocytosis. In sedentary nematodes the apical plasma membrane 
in the ampulla has evolved into a membranous valve that covers a small duct to the 
oesophageal lumen [28]. 
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nematode. 

Schematic representation of a oesophageal gland cell dissected from a cyst 

Recent studies have revealed that the fundamental mechanism of granule docking 
and membrane fusion is conserved between different pathways in eukaryotes 
[4,46,59,67,76,88]. Homologues of integral membrane proteins involved in the initial 
steps of exocytosis of secretory granules have been identified in Caenorhabditis 
elegans, too [61]. In summary, eukaryotic cells can have two types of exocytotic 
pathways for Golgi-derived vesicles [16]. The constitutive secretory pathway that is 
present in all living cells maintains the internal recycling of membrane lipids, 
membrane proteins, and proteins required in the cell's extracellular matrix. The small 
vesicles (approx. 100 nm) of the constitutive pathway mediate a continuous bi­
directional trafficking between the intracellular compartments of the cell, and the 
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plasma membrane. The larger secretory granules (approx. 1 \im) form a distinct 
subcellular compartment in the regulated secretory pathway that is only observed in 
cells specialised in secretion. The secretory granules bud from the trans-Golgi network 
as smaller condensing vesicles, which fuse to form the larger secretory granules. In 
several cell types secretory granules undergo maturation during which the 
concentration of the granule contents increases finally resulting in a higher electron 
density. The function of the secretory granules is to store secretory products until the 
hosting organism/cell is opposed by a condition in which large quantities of the 
secretory products are required. Exocytosis of the secretory granules in the regulated 
pathway is triggered by a molecular signal, such as elevated cytoplasmic Ca2+-
concentrations [76]. Typically, the products contained in secretory granules are 
functionally not restricted to the immediate environment of the secreting cell. 

Oesophageal gland secretions 
Despite the many efforts to elucidate the nature of oesophageal gland secretions no 

secretory products have been identified from sedentary plant-parasitic nematodes. In 
older work the partial identification of oesophageal gland secretions relied on 
histochemical methods [6,11,17,71,89]. These techniques were applied either to gland 
cells or collected stylet secretions. The sometimes-contrasting results make it difficult 
to draw conclusions from the histochemical data, but three aspects of the oesophageal 
gland secretions and stylet secretions are noticed consistently in several independent 
studies. It seems evident that multiple proteins are secreted by sedentary plant-parasitic 
nematodes, of which at least some proteins are glycosylated and show a relative high 
abundance of basic amino acids (see chapter 3). 

From a study with the root-knot nematode Meloidogyne incognita the isolation was 
reported of the secretory granules from the oesophageal gland using isopycnic 
centrifugation [72]. However, no compelling evidence was provided for the origin of 
the isolated fraction in nematodes. Moreover, at least nine different proteins were 
detected on SDS/PAGE in collected stylet secretions from adult females of M. 
incognita, among which three proteins were shown to be glycosylated [93]. Hussey et 
al, [51] used a monoclonal antibody to immunopurify a 212 kDa glycoprotein from the 
secretory granules of the dorsal gland cell in M. incognita J2 (see Chapter 2). This large 
protein seems to be refractory to N-terminal amino acid sequencing, and has not yet 
revealed its identity. 

Outline of this thesis 
The objective of this thesis was to identify and characterise secretory proteins 

expressed in the subventral oesophageal gland cells of cyst nematodes. Two relatively 
unrelated cyst nematodes species, Globodera rostochiensis (Woll.) Skarbilovich 
[34,81] and Heterodera glycines Inchinohe [74,82], were selected for this purpose. 

When dealing with the single celled oesophageal glands in such small animals as 
cyst nematodes there is an obvious need for a powerful experimental tool for the 
isolation of proteins. In chapter 2 we describe a novel method using continuous flow 
gel electrophoresis to raise monoclonal antibodies directed to denatured secretory 
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proteins from the oesophageal gland cells. One monoclonal antibody was selected as 
suitable for large-scale purification of secretory proteins from the subventral 
oesophageal gland cells. 

The third chapter describes the biochemical characterisation of subventral 
oesophageal secretions recognised by the subventral gland specific antibodies. The 
primary goal was to find clues for the biological significance of the subventral gland 
secretions, and to determine whether it would be worthwhile to pursue the isolation of 
these secretory proteins. 

Chapter 4 describes the cloning and characterisation of two genes from both cyst-
nematode species encoding ß-1,4-endoglucanases (cellulases). Several lines of 
evidence are provided in this chapter converging to the conclusion that the cellulases 
are expressed from endogenous nematode genes, independently from symbiotic micro­
organisms. 

The predicted amino acid sequences of the nematode cellulases showed a 
remarkable homology with bacterial cellulases, while no homology was evident with 
eukaryotic cellulases. This led us to speculate upon an ancient acquisition of the 
cellulase genes from a bacterial source by horizontal gene transfer. Chapter 5 describes 
how we studied the genomic structure of the cellulase genes including their flanking 
regions in search for additional indicators that could point to the origin of the genes. In 
chapter 6 the structure and function of the nematode cellulases is discussed in relation 
to their importance for pathogenicity, and in relation to their evolutionary origin. 
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Chapter 2 

Production and selection of 
monoclonal antibodies directed to 
subventral oesophageal gland 
secretions of the potato cyst 
nematode, Globodera rostochiensis^ 

1 Parts of this chapter have been published in a modified form as: 

De Boer, J.M., Smant, G., Goverse, A., Davis, E.L.., Overmars, H.A., Pomp, H., Van Gent-
Pelzer, M., Zilverentant, J.F., Stokkermans, J.P.W.G., Hussey, R.S., Gommers, F.J., Bakker, J., 
and Schots, A. ( 1996). Secretory granule proteins from the esophageal glands of the potato cyst 
nematode identified by monoclonal antibodies to a protein fraction from second stage juveniles. Mol. 
Plant-Microbe Interact. 9:39-46. 

Smant, G., Govers, A., Stokkermans, J.P.W.G., De Boer, J.M. Pomp, H., Zilverentant, J.F., 
Overmars, H.A., Helder, J., Schots, A., and Bakker, J. ( 1997). Potato root diffusate induced 
secretion of soluble, basic proteins originating from the subventral esophageal glands of potato cyst 
nematodes. Phytopathology 87:839-845. 
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Abstract 
Sodium dodecyl sulfate-extracted proteins from second stage juveniles (J2) of the 

potato cyst nematode Globodera rostochiensis were fractionated by preparative 
continuous flow electrophoresis, and monoclonal antibodies (mAbs) were raised 
against the 38-40.5 kDa protein fraction. Screening of the hybridoma culture fluids by 
immunofluorescence microscopy of J2 resulted in the identification of 12 mAbs that 
bound specifically to the subventral oesophageal glands. These mAbs have been tested 
for immunolabelling of the secretory granules in the oesophageal gland cells, and for 
binding collected stylet secretions. On western blots of J2 these mAbs identified four 
protein bands with apparent molecular weights of 30, 31, 39 and 49 kDa. It is 
concluded that one or more of these proteins are present within the secretory granules, 
and in DMT-induced stylet secretions. Immunofluorescence microscopy of J2 from 
other plant parasitic nematode species showed that some of these mAbs also bind to 
the subventral glands of G. pallida, G. tabacum, H. glycines, but not of Heterodera 
schachtii, Meloidogyne incognita or M. hapla. 

INTRODUCTION 

The identification and characterisation of oesophageal gland secretions from plant-
parasitic cyst-nematodes is seriously hindered by the minute size of these tiny animals. 
The thread shaped body of the second-stage juvenile of the potato cyst nematode 
Globodera rostochiensis measures only 20 \xm in width and 450 um in length. It is 
therefore practically not feasible to dissect an amount of oesophageal gland cells from 
the nematode's pseudocoelom, which is sufficient for protein analysis. In the face of 
such a challenge, that merely resembles the search for a needle in a haystack, the 
hybridoma technology can be a powerful tool. 

To date, monoclonal antibodies (mAbs) have many applications in the identification 
of proteins [13,14,20]. The versatility of mAbs is mainly due to their high binding 
affinity combined with epitope specificity. These two features are the reason why 
many attempts have been made to raise mAbs against secretory proteins in the 
oesophageal gland cells of several plant-parasitic nematode species. Such mAbs are 
particularly useful for the purification of minute amounts of a protein from a complex 
protein pool. 

So far, mAbs have been used in attempts to identify the oesophageal gland secretory 
proteins of the sedentary plant-parasitic nematode Heterodera glycines [1,12] and 
Meloidogyne incognita [4,15]. For both species, screening procedures using 
immunofluorescence microscopy have identified mAbs that react with secretory 
granules of the dorsal and subventral gland cells. Various antigens have been used to 
produce these monoclonals: with H. glycines mice were immunised with homogenates 
from hatched J2, unhatched J2, stylet secretions of J2, and adult females or anterior and 
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posterior parts thereof [1,12]; with M. incognita the immunogens were a total protein 
homogenate of J„ a subcellular granule fraction from J,, anterior and posterior parts of 
females, and stylet secretions of females [4,15]. In both species the 
immunosuppressive drug cyclophosphamide was used to enhance the effect of the 
immunisations [1,4], and with M. incognita intrasplenic immunisations were employed 
to administer minute quantities of immunogen [4]. However, the success of these 
mAbs in identifying oesophageal gland secretory proteins, either by immunostaining of 
gel electrophoresis patterns or by purification with chromatography techniques, has 
remained limited. Hussey et al. [16] used a mAb reactive with both the dorsal and 
subventral glands in M. incognita to isolate a secretory component from homogenised 
J,. This glycoprotein had an apparent molecular weight of more than 212 kDa. A mAb 
binding to the subventral oesophageal glands of adult females of M. incognita was 
used to isolate a gene from a cDNA expression library [19]. Because this mAb also 
bound to the body-wall muscles in J2 of M. incognita and because the sequence of the 
isolated gene showed homology with the rod portions of myosin heavy chains, it was 
suggested that this antigen may be involved in the movement of secretory granules 
rather than being itself secreted [19]. 

In this study, we report the production and selection of mAbs that bind to secretory 
proteins in the subventral oesophageal glands of the potato cyst nematode, Globodera 
rostochiensis. In advance we defined four criteria for a mAb to be suitable for the 
purification and identification of subventral oesophageal gland secretory proteins. 
These four criteria include that a mAb should 

i). be able to bind to the oesophageal gland cells in immunofluorescence 
microscopy, 

ii). label the secretory granules in these gland cells using immunogold labelling, 
iii). recognise its antigen in collected stylet secretions in immunofluorescence 

microscopy, and 
iv). detect its antigen on western blots. 

As immunogen we used a protein fraction from homogenised J2, which was collected 
by preparative continuous flow Polyacrylamide gel electrophoresis. Finally, the mAbs 
selected for G. rostochiensis were tested with fluorescence microscopy for cross-
reactivity with other endoparasitic nematode species. 

MATERIALS AND METHODS 

Nematodes 
Second stage juveniles (J,) of Globodera rostochiensis pathotype Rol, and of 

G. pallida pathotype Pa2 were hatched by soaking cysts on a 100 urn sieve in potato 
root diffusate [2]. J, of Meloidogyne hapla were a gift from Mrs. E. Jansen, DLO 
Research Institute for Plant Protection, Wageningen, The Netherlands. The J2 

suspensions were mixed with an equal volume of 70% (w/v) sucrose in a centrifuge 
tube, covered with a layer of tap water, and centrifuged briefly at 1000 g. Purified 
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juveniles were collected from the sucrose-water interface with a Pasteur pipette, 
washed with tap water and used for experiments. J2 of G tabacum, Heterodera 
glycines, H. schachtii and M. incognita were obtained as described by Goverse et al. 
[12]. 

Stylet secretions 
Stylet secretions were induced using DMT (5-methoxy-N,N-dimethyltryptamine-

hydrogen-oxalate; Research Biochemicals, Natick, USA), and collected according to 
Goverse et al. [12]. For each replicate an estimated 20,000 preparasitic J2 were 
collected and exposed overnight to 4 ml of a test solution at 20°C. When appropriate, 
0.01% Coomassie Brilliant Blue G-250 (CBB G-250) was added to enhance the 
visibility and collection of stylet precipitates. 

Preparative electrophoresis 
In total 2.75 million J2 of G. rostochiensis were homogenised in 208 mM Tris-HCl 

pH 6.8 supplemented with 8.33% (v/v) 2-mercaptoethanol at 5°C using a small glass 
mortar and pestle. The J, were homogenised in aliquots of approximately 300,000 
individuals. Following homogenisation the samples were pooled and mixed in a ratio 
of 3:2 (v:v) with a solution of 5% SDS / 25% glycerol / 0.1% Bromophenol Blue, thus 
producing standard SDS-sample buffer [18]. The homogenate was heated for 5 min in 
boiling water, centrifuged for 5 min at 10,000 g, and the supernatant was stored at -
80°C until used. The nematode sample (2 ml, approximately 13 mg of protein) was 
fractionated by preparative SDS-PAGE using a Model 491 Prep Cell apparatus (Bio-
Rad, Richmond, California, USA), essentially according to the instruction manual, 
with the correction that 0.1% SDS was added to the buffers of the acrylamide gels. The 
cylindrical separating gel was 50 x 28 mm (height x diameter) and contained 10% 
acrylamide. The stacking gel contained 4% acrylamide and was 15 mm in height. The 
proteins were separated with a current of 40 mA, and 1.5 ml fractions were collected 
using an elution buffer flow rate of 1 ml/min. The fractions were concentrated by 
freeze drying, washed three times in phosphate buffered saline pH 7.4 (PBS) using 1.5 
ml microcentrifuge filter concentration units with molecular weight cut-off of 5 kDa 
(Ultrafree-MC, Millipore Corp., Bedford, USA), taken up in 50 pi PBS and stored at -
20°C. Groups of 2 to 5 fractions were pooled, and each pooled sample was diluted in 
PBS to obtain three 200 ul aliquots for successive immunisations. 

Immunisations and cell fusions 
Sixteen mice were immunised intraperitoneally with the isolated protein fractions, 

which were mixed 1:1 with Freund's incomplete adjuvant. After 4 weeks a second 
immunisation was given, also with incomplete adjuvant. Two weeks later antiserum 
samples were collected for immunofluorescence microscopy. One mouse that was 
selected for monoclonal antibody production received a final booster injection 12 
weeks after the first immunisation. Three days later the mouse was sacrificed, and 
mAb-producing hybridoma cell lines were obtained by fusing spleen cells with SP 2/0 
myeloma cells [11,21]. 
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Immunofluorescence microscopy 
Mouse antisera and hybridoma cell line culture fluids were screened by indirect 

immunofluorescence microscopy for reaction with J2 of G. rostochiensis as described 
in detail elsewhere [6]. Briefly, J2 were fixed in 2% paraformaldehyde for 3 days, 
dried, and cut into sections with a razor blade. Following treatment with proteinase-K, 
methanol, and acetone, the nematode sections were incubated with the primary 
antibody and stained with rat-anti-mouse FITC-conjugated immunoglobulins. The 
mouse antisera were tested in a 1:400 dilution. Hybridoma cell lines producing 
antibodies to the subventral oesophageal glands of G. rostochiensis were subcloned to 
stability and stored in liquid nitrogen. Isotyping of the light and heavy chains of the 
m Abs was done as described by Schots et al. [21]. Immunofluorescence testing of J2 

from G. pallida and M. hapla followed the same procedure as for G. rostochiensis, 
with the exception that the initial fixations in paraformaldehyde were different: two 
days for G. pallida, and one day for M. hapla. Immunofluorescence testing of I2 from 
G. tabacum, M. incognita, H. glycines and H. schachtii was as described by Goverse et 
al. [12]. 
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Figure 2.1 SDS-polyacrylamide gel electrophoresis pattern of selected protein fractions 
purified from homogenised second stage juveniles (JJ of Globodera rostochiensis by 
preparative continuous flow electrophoresis. The lanes numbered 22 to 27 show successive 
fractions of increasing molecular weight. The mouse that was immunised with the pooled 
fractions 22 to 25 (molecular weight range 38-40.5 kDa) produced antiserum to the 
sub ventral oesophagecd glands, and was used for monoclonal antibody production. The lane 
labelled "J2 " shows a total protein homogenate of J2. The arrow indicates a characteristic 
major protein band (presumably actin) which can be used to compare Fig. 2.1 with Fig .2. 4. 
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