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Degradation of plant cell walls by endo-parasitic nematodes is symbiont-independent
and requires the disruption of both covalent and non-covalent bonds.

Dit proefschrift; L. Qin, 2001. Molecular genetic analysis of the pathogenicity of the potato cyst nematode
Globodera rostochiensis. Thesis Wageningen University. Pp. 96

The discovery of various distinct classes of beta-1,4-endoglucanases within the order
Tylenchida is not in concordance with the intriguing hypothesis of horizontal gene
transfer of pathogenicity factors from bacteria to nematodes.
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The division of phenotypic responses to changing environmental conditions into
passive and active plasticity is artificial and results in dogmatic views on the
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The inability to produce active recombinant expansin in bacterial and fungal
heterologous expression systems is due to a total lack of knowledge on the
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Bibliographic Abstract:

This thesis describes the identification of cell wall degrading enzymes of the
potato cyst nematode Globodera rostochiensis. A robust method using expressed
sequence tags (ESTs) was applied to identify novel parasitism related enzymes. One of
the ESTs revealed the first pectate lyase from a metazoan origin. Another tag shared a
strong identity towards a previously determined N-terminal amino acid sequence.
Further analysis of corresponding cDNA sequence and the gene revealed two closely
related beta-1,4-endoglucanases. Heterologous expression of the pectate lyase and both
beta-1,4-endoglucanases showed that they are active enzymes towards their appropriate
substrates (e.g. polygalacturonic acid for the pectate lyase and carboxy methyl cellulose
for both beta-1,4-endoglucanases respectively). The application of inr situ hybridisation
predict that these cell wall degrading enzymes are produced in the subventral
cesophageal gland cells. Evidence is provided that nematodes use mixtures of cell wall
degrading enzymes in order to penetrate and migrate in the plant root.

Voor mijn grootouders
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Chapter 1

NEMATODES

Nematodes are the most abundant multicellular animals on earth. They are found
in practically all environments that sustain life. The name Nemata refers to their thread-
like body, which is made of approximately 1,000 somatic cells in the adult life stage.
The more than 20,000 nematode species that have been described so far show strikingly
little variation in morphology. The alimentary tract that extends from the head to tail
and the reproductive organs are the two most prominent structures in the anatomy of
nematodes.

Nematodes are frequently grouped according to the way they acquire their food
i.e. microbial feeders, predacious species, animal parasites and plant parasites. The
world’s most famous nematode, Caenorhabditis elegans, is a microbial feeder. C.
elegans has proven to be an excellent model for studies on animal genetics and
development. It was the first animal whose genome was completely sequenced
(Consortium, 1998). Enoploides longispiculosus is an example of a predacious
nematode species that lives in marine sediments, whereas OQnchocerca volvulus
(mammalian parasite), Oncorhynchus nerka (fish parasite) and Deladenus siridicola
(insect parasite) are examples of species that infect other animals.

The plant parasitic nematodes obtain their nourishment from the cytoplasm of
plant cells and as such cause substantial losses in arable crops. Measures to control
nematode populations in the field and in greenhouses include crop rotation, cultivation
of resistant varieties, and the application of chemical pesticides. Due to their undesirable
side effects pesticides have recently become more controversial and therefore the focus
in nematode control currently shifts to nematode resistant host-plants. Insight in the
nematode genes that are essential in the plant-nematode interaction is a prerequisite to
make productive use of both natural and bio-engineered resistance in host plants. The
objective of this thesis is to identify genes in nematodes that are pivotal in the
interaction between parasite and host-plant at the onset of parasitism.

PLANT PARASITISM

The plant parasitic nematodes have specialised to distinct feeding strategies.
First, the ectoparasites {(e.g. Trichodorus and Xiphinema) that mainly feed on epidermal
cells and root hairs or on the outer cortex cells underneath the epidermal cell layer using
their stylet. The migratory endoparasites form the second group of nematodes that have
either specialised to herbaceous (e.g. Aphelenchoides) or woody plants (e.g.
Bursaphelenchus). They are able to penctrate plant tissue, migrate intracellularly
through several cell layers and use the cytoplasm of cells they come across as food
source. Finally, the sedentary endoparasites (e.g. Meloidogyne and Nacobbus) establish
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a so-called feeding site in the plant from which they feed for weeks to follow. The
potato cyst nematodes (Globodera rostochiensis and G. pallida), subjects of study in
this thesis, also belong to the sedentary endoparasites.

THE POTATQ CYST NEMATODE — PLANT INTERACTION

The potato cyst nematodes have a relatively narrow host range including
Solanceae only. Presumably, they originate from the Southern-American Andes were
they live on wild relatives of crop plants such as potato (Evans & Stone, 1977). Fully
developed second stage juveniles (I2s) go into diapause to synchronise their life cycle
with that of their host plants. The potato cyst nematodes can survive in the soil for many
years as dormant J2 inside an eggshell contained within the protective cover of the cyst.
The cyst is the remnant of the adult female body that has died following fertilisation. To
this purpose, the cuticle of the female hardens to protect her offspring against all kinds
of harsh conditions like cold, dehydration, and infections of bacteria or fungi.

The J2 only hatch from the egg following exposure to root diffusates from host
plants (Perry, Veech, & Dickson, 1987; Perry, Zunke, & Wyss, 1989). Components in
root diffusates are known to initiate transcription and translation as well as various other
physiologically changes in the dorsal and subventral oesophageal gland cells (Fig. 1)
(Atkinson, Taylor, & Fowler, 1987; Blair, Perry, Oparka, & Jones, 1999; Perry et al.,
1989). The hatched juveniles migrate to the root system and penetrate the root
preferentially near the growing tip. To penetrate the epidermal cell layer of the root the
juveniles use their hollow retractable stylet (Fig. 1) to puncture the cell walls
(Steinbach, 1972). Enzymes that weaken the structural components of the cell walls
probably enhance the effect of the vigorous stylet thrusts (De Boer et al., 1999; Smant et
al., 1998; Wang et al., 1999), While leaving behind a track of disrupted cells (Rice,
Leadbeater, & Stone, 1985) the J2 migrate intracellularly in the root in search for a
proper cell to transform into a feeding site. Anti-oxidation enzymes like peroxiredoxins
are found at the nematode surface and may protect the nematode against reactive
oxygen released by necrotic cells during migration (Robertson et al., 2000).
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Figure 1. A view of the anterior part of G. rostochiensis. The real view picture is made
using Leica optics in combination with a CCD camera

The nematode settles in the root when a plant cell is found that is eligible to be
transformed into an initial feeding cell. The exact mechanism by which nematodes
redirect the developmental program of root cells in order to change them into transfer
cells-like structures i1s not known. Circumstantial evidence points to a role for the
proteins secreted from oesophageal glands (Goverse et al., 2000; Williamson & Hussey,
1996). Nevertheless, the effects of the putative pathogenicity factors in nematode
secretions are profound. The recipient plant cell responds with a renewed cell cycle
activation heading for mitosis, however, a short-circuit that is presumed to act just prior
nuclear division redirects it into repeated cycles of endoreduplication. The
endoreduplication of the genome in the initial feeding cell causes the plant cell to adopt
its typical morphology i.e. increase in cell size, highly dense cytoplasm filled with
subcellular organelles, small vacuoles, large nucleus (Cole & Howard, 1958; Gheysen,
Almeida-Engler, & Montagu, 1997; Jones & Northcote, 1972; Rice et al., 1985). In the




Introduction

case of cyst nematodes feeding cell growth is accompanied by local cell wall
degradation at the most distal position from the nematode’s head. The local cell wall
degradation gives rise to fusion of the cytoplasm ultimately leading to a large
multicellular feeding cell complex, the so-called syncytium. The syncytium
continuously expands as long as the nematode feeds from its cytoplasm.

When the parasitic J2 starts feeding the longitudinal muscles that are required
for intracellular migration in the plant gradually degrade. For its development the
immobile juvenile thus becomes totally dependent on the food supply available in the
syncytium. The food uptake proceeds through a repealing pattern with three distinct
phases ie. nutrient ingestion, retraction and reinsertion of the stylet, and salivation
(Steinbach, 1973; Wyss, 1992; Wyss & Zunke, 1986). The third phase presumably
involves the release of secretory fluids from the ampulla of the dorsal oesophageal
gland. Each salivation phase is accompanied by the formation of a feeding tube, which
has been shown to act as molecular sieve during nutrient ingestion (Bockenhoff &
Grundler, 1994).

During the course of weeks the juveniles develop via three moults into adult
males and femates. The males have a lesser nutritional demand and stop feeding earlier
in their development than fermnale nematodes. Adult males regain their mobility and
migrate out of the root in order to fertilise the females. The females continue to feed
from the syncytium until fertilisation is completed. Then the female dies leaving behind
100 to 800 juveniles well protected within her hardened cuticle (Amtzen, Muller, &
Visser, 1994).

PLANT CELL WALLS

The plant cell wall is a dynamic compartment that largely dictates the shape of a
plant. It determines growth of plant cells and thereby influences the differentiation of
tissues into specialised structures and organs. The rigidity and strength of cell walls also
provide the plant cell with strong armour against pathogens and parasites (e.g.
migratory nematodes). Furthermore, cell walls are involved in positional signalling,
cell-to-cell communication, and cell wall fragments may elicit the release of defence
molecules (Cote & Hahn, 1994; Ridley, O’ Neill, & Mohnen, 2001).

Three layers — the middle lamella, the primary cell wall and the secondary cell
wall — determine the cell wall’s make-up in differentiated cells. The highly organised
composite najure of the plant wall layers is of many different polysaccharides, proteins
and aromatic polymers. The core structure that provides most of the strength is the
cellulose-hemicellulose network in the primary cell wall, which accounts for about 50%
of the total cell wall mass. This cellulose-hemicellulose network lies embedded in a
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second independent but interacting network of the pectic matrix (Carpita, McCann, &
Griffing, 1996; Carpita & Gibeaut, 1993).

The primary cell walls of neighbouring cells are separated by the middle
lamella, which is mainly a continvation of the pectic matrix. Once growth of a cell
ceases the primary cell wall is locked into its final shape presumably by structural
proteins such as hydroxy-proline-rich-proteins (e.g. extensins) and proline-rich-proteins.
The cross-linking by proteins coincides with the elaboration of the secondary cell wall
within the primary cell wall. A distinguishing feature of the secondary cell wall is the
incorporation of aromatic p-phenylpropanoids such as lignins. These lignins are bonded
to cellulose and hemicellulose in the secondary cell wall thereby rendering it more
refractory to chemical and enzymatic degradation. The structural proteins and the
lignins are ofien regarded as independent structural networks.

Cellulose, the principal scaffolding polymer in plant cell walls, is a
homopolymer of D-giucose linked by [B-1-4-glycosidic bonds. These linear glucan
polymers may incorporate up to 10,000 glucosyl residues. The individual B-1-4 glucan
chains adhere to each other via numerous hydrogen bounds and Van der Waals-forces
and assemble into strong insoluble microfibrils. Depending on the pattern of hydrogen
bounds two types of cellulose can be distinguished. Type I is the highly crystalline form
whereas the second type comprises a more amorphous structure.

The cellulose microfibril scaffold is interlocked by hemicelluloses via hydrogen
bonds. Hemicellnlose is the non-cellulolytic polysaccharide fraction extracted from
plant cell walls by alkali and after removal of pectic polysaccharides. Hemicelluloses
comprise of cross-linking polysaccharides with a (1—4)-f linked backbone (e.g. D-
glucan, D-xylan or D-mannan), which are decorated with complex carbohydrates. The
two major cross-linking components of hemicellulose in flowering plants are
xyloglucans and glucuronoarabinoxylans.

The two principal constituents of the pectin matrix are homogalacturonan and
rhamnogalacturonan I (RG I) {reviewed by (Ridley et al., 2001)). Smooth regions in
pectins consist of backbone of homogalacturonan, which is a polymer of ¢-1-4 linked
D-galacturonic-acid residues. The smooth regions are interspersed by ramified RG I
regions composed of alternating rhamnose and galacturonic acid residues with several
neutral polymers arabinans, arabinogalactans, and unbranched galacatans attached to it
(Catoire, Goldberg, Pierron, Morvan, & duPenhoat, 1998). There are two types of
structurally modified homogalacturonans, xylogalacturonan and rhamnogalacturonan II.
In xylogalacturonan the galacturonic acid residues are substituted with xylose. The RG
I is a complex homogalacturonan characterised by unusuval kinds of sugar linkages and
the presence of rare sugars such as fucosyl, apioseaceric acid (Vidal et al., 2000),

In addition to structural diversity created by side chains the galacturonic acid
residues can be esterified by methanol or, albeit at a lesser frequency, by acetic acid.
The degree of esterification is defined as the number of moles of methanol and acetic




Introduction

acid per 100 moles of galacturonic acid. Pectins are regarded to be highly methylated or
high methoxyl pectins when the value for the degree of methylation is 50 or higher. In
all other cases, the pectin is called low methoxyl pectin or pectate. The degree of
esterification of pectin varies with the plant species from which it is isolated. It
determines to a considerable extent the degradability of the pectins by enzymes.

CELL WALL DEGRADATION

The complex chemical composition and physical organisation of the cell wall
protects the plant protoplasm against many invasive pathogens and parasites. The
tensile strength of the cell wall as well as its resistance against chemical and enzymatic
degradation have directed the evolution of complex mixtures of cell wall degrading
enzymes in invaders. These mixtures frequently comprise synergistically acting
enzymes active against the cellulolytic and pectic networks in the plant cell walls
{Annis & Goodwin, 1997).

In spite of its simple chemical composition the elaborate secondary and tertiary
structure of native cellulose make it a complex and insoluble heterogeneous substrate.
The efficient solubilisation and hydrolysis requires the presence of many different
enzymes that all share the chemical specificity for the B-1-4-glycosidic bonds. The
different modes of action of the cellulolytic enzymes on their polymeric substrate are
commonly described as an endo- and exo acting type of attack. Typically, the endo-
acting cellulases (also called endoglucanases, endo-1,4-B-D-glucanases or
carboxymethyleellulases; EC 3.2.1.4) efficiently decrease the degree of polymenisation
by cleaving the bonds along the length of the cellulose chains. The exoglucanases (also
called cellobiohydrelases; EC 3.2.1.91) are thought to be the processive enzymes that
exhibit their actions at the non-reducing ends of the cellulose chains produced by the
cellulases. The cellobiohydrolases primarily produce cellobiose, a dimer of -1-4-linked
D-glucose residues. These cellobiose units are the subsequent substrates for the B-1-4-
glucosidase (also called gentobiase, cellobiase, amygdalase; EC 3.2.1.21) that yields D-
glucose as its final product (Beguin, 1990; Beguin & Aubert, 1994).

The classification of cellulolytic enzymes into three groups is probably a
simplification (Beguin, 1990). Ample evidence points to more diversity in the catalytic
action of cellulose degrading enzymes, which is not only related to endo- or exo
activity. For instance, the substrate specificity may also reflect the degree of
polymerisation and crystallinity of the cellulose.

Pectic enzymes (pectinases) are classified according 1o the substrate specificity
and the mode of action of their enzymatic activity, too. The first broad division is made
between those that de-esterify pectins (pectic esterases) and those that degrade the
galacturonan backbone (depolymerases). The pectin esterases de-esterify methylated
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(EC 3.1.1.11) and acetylated pectins (EC 3.1.1.-} producing either methanol or acetic
acid and pectate. Clearly, the pectin esterases change the degree and the pattern of
acetylation and methylation of pectins thereby influencing its accessibility for
degradation by depolymerases. The pectic depolymerases are grouped according to their
specificity to the degree of methyl and acetyl esterification of the galacturonan
backbone and their mode of action {endo- or exo). Endo-depolymeryzing enzymes that
act on the non-esterified galacturonan backbone, pectate, and pectin respectively are
named polygalacturonase (endoPG; EC 3.2.1.15), pectate lyase (PeL; EC 4.2.2.2) and
pectin lyase (Pnl; EC 4.2.2.10). Similarly, exo-enzymes that act on the backbone at the
non-reducing ends of the polygalacturonic acid and pectate polymers are named
exopolygalacturonase (exoPG; EC 3.2.1.67) and exopolygalacturonate lyase (exoPeL;
EC 4.2.2.9) respectively.

CELL WALL DEGRADING ENZYMES IN PLANT-PARASITIC NEMATODES

The infective potato cyst nematodes have three large single-celled oesophageal
glands - two subventral glands and one dorsal gland (Fig. 1} (Endo, 1984). In active
gland cells the large nucleus resides within an elaborate rough endoplasmic reticulum
that has at its perimeter numerous Golgi-bodies. Large numbers of secretory granules
constantly bud from the trans-Golgi networks in Golgi-bodies at the perinuclear region
in the cell. Microscopic observations have shown that these granules exhibil extensive
movement predominantly to a so-called ampulla at the apical region of the gland (Wyss
& Zunke, 1986). Proteins destined to be secreted from the oesophageal glands are
presumed to be released from the secretory granules into the end-sac in the ampulla by
exocytosis.

A distinguishing feature for the two types of oesophageal glands is the site in the
nematode where they connect to the oesophagus. The two subventral gland cells release
their secretions into the oesophagus just posterior to the pump chamber in the
metacorpus. The dorsal gland cell is connected to the oesophagus close to the stylet base
(Hussey, 1989b). It has been shown that secretions from both gland types are emanating
from the stylet orifice following transport through the oesophagus (Goverse, Davis, &
Hussey, 1994; Hussey, 1987, 1989a; Smant et al., 1997).

The temporal activity pattern of the two types of glands also show striking
differences in potato cyst nematodes (Wyss, 1992). The subventral gland cells are only
active in preparasitic and parasitic J2s. The dorsal gland cell is active in these stages
too, however, its activity continues into more advanced developmental stages. As
opposed to the subventral glands cells, the active release of secretions of the dorsal
gland is indirectly observed during feeding from the syncytium (Williamson, Ho, & Ma,
1992; Wyss & Zunke, 1986). The temporal activity pattern of the subventral glands
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points to a role in plant invasion and intracellular migration at the initial stages of
parasitism. The observation that these subventral glands regain their activity in
migratory male nematodes supported this hypothesis (De Boer et al., 1999).

In the last five years ample evidence has been found for the endogenous
production of cellulases in the subventral oesophageal gland cells of cyst nematodes and
root-knot nematodes {Goellner, Smant, De Boer, Baum, & Davis, 2000; Rosso et al.,
1999; Smant et al., 1998; chapter V of this thesis). Furthermore, Wang and co-workers
have shown that cellulases produced in the subventral glands are released by the
nematode while migrating through the host plant root (Wang et al., 1999). These leads
support the hypothesis that one of the primary roles of the subventral cesophageal
glands is related to cell wall degradation at the onset of parasitism.

Pectinase activities have been detected in homogenates of several plant-parasitic
nematodes too, e.g. Meloidogyne sp., Pratylenchus sp., Rhadopholus sp.,
Aphelenchoides sp., Globodera sp., Heterodera sp., and Ditylenchus sp. (Chitwood &
Krusberg, 1977; Giebel, 1974; Krusberg, 1967; Myers, 1965). In plant-pathogenic
bacteria and fungi, cell degrading enzymes occur in mixtures with partially overlapping
specificities towards the cellulose/hemicellulose and the pectic networks. Taking the
complexity of structural components of the plant cell wall into account it was
reasonable to expect that plant-parasitic nematodes produce mixtures of cell wall
degrading enzymes, too.

OUTLINE OF THE THESIS

The cloning of the first cellulase genes from the plant-parasitic nematodes was
ensued following an extensive and slow experimental procedure including production of
secretions specific monoclonal antibodies, protein purification, protein sequencing, and
PCR-amplifications using degenerate oligonucleotide primers (De Boer et al., 1996;
Smant et al., 1997; Smant et al., 1998). The recent fall of prices for DNA sequencing
issued an alternative approach using expressed sequence tags, which is in the case of
nematodes in principle far more efficient than proteomics.

The second chapter of this thesis describes a small-scale ¢DNA-sequencing
project with the potato cyst nematodes G. pallida and G. rostochiensis. Among the
1,000 ESTs produced in this project several candidate parasitism genes were tagged e.g.
putative cellulase, cellulose binding protein and pectinase (Popeijus, Blok et al., 2000).
Chapter 3 includes the report of the first metazoan pectate lyase gene (Popeijus,
Overmars et al., 2000). This finding provides the evidence that nematodes produce cell
wall degrading in mixtures in order to facilitate their migration through plant tissues.
The structural, functional and phylogenetic characterisation of this gene is described in
chapter 4. The cloning and characterisation of a novel and most abundant cellulase in
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preparasitic juveniles is presented in chapter 5. Chapter 5 illustrates that secretory
proteins refractory to amino acid sequencing may be efficiently identified using the EST
approach. In chapter 6 the application of EST analysis in relation to the identification of
novel parasitism related genes is discussed.
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Chapiter 2

ABSTRACT

Expressed sequence tag (EST) projects offer a rapid route to the discovery of
novel genes. Genes expressed in a wide range of parasitic nematodes of medical or
velerinary importance have been investigated using EST analysis but these techniques
have not yet been applied to plant parasitic nematodes. We describe a smail scale EST
project using ¢cDNA libraries made from the two species of potato cyst nematode,
Globodera rostochiensis and G. palfida, and assess the utility of this approach to
identify mRNAs encoding abundantly expressed secreted proteins and other proteins
present in the nematode at the onset of parasitism. Approximately 1000 sequences were
obtained from G. rostochiensis and 100 from G. pallida. A variety of genes was
characterised and approximately 11% of the cDNAs sequenced were apparently PCN
specific. Secreted proteins identified included a novel PCN homologue of chorismate
mutase, a cDNA recently cloned from the gland cells of Meloidogyne javanica. The
results obtained justify a much larger scale application of this technology to these
parasites.

INTRODUCTION

Practical problems in obtaining large quantities of nematode material have
meant that molecular biological studies on plant parasitic nematodes have progressed
relatively slowly compared to similar work on animal parasitic nematodes. Whereas
relatively few protein-encoding genes have been isolated or characterised from plant
parasitic nematodes, more than 25,000 cDNA sequences from nematode parasites of
animals are present in the databases (dbEST). These sequences have been generated
largely as expressed sequence tags (ESTs), single pass sequences of cDNA clones
selected randomly from libraries made from life cycle stages of interest {e.g.
(Blaxter et al., 1996); see the Blaxter Lab EST pages - http://fwww.ed.ac.uk
/~mbx/small_genomes.html for details of current parasite EST projects). This EST
approach offers a rapid and cost-effective route to the discovery of novel genes (Blaxter,
1997) and provides a background of information about the sequences of genes
expressed in an organism. A similar database of expressed genes from plant parasitic
nematodes may provide a variety of new genes for investigation as potential targets for
novel control methods.

Although EST projects are apparently random in nature, it is possible to target
this type of project at genes involved in specific processes. For example, genes
expressed at the onset of parasitism and which may be important in the host parasite
interaction can be targeted with an EST project by using a ¢DNA library constructed
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Analysis of genes expressed in second stage juveniles

from the haiched infectious second stage juvenile (J2). Changes occur in J2s during
hatching indicative of the transition to a parasitic mode of existence. These changes
include activation of transcription in the gland cells (Atkinson et al., 1987; Perry et al.,
1989; Blair et al., 1999) as well as behavioural changes (Perry, 1989) and changes in
gene expression (Jones, Robertson, Perry, & Robertson, 1997; Qin et al., 2000). It is
also feasible that an insight into the molecules secreted by potato cyst nematodes (PCN)
may also be gained using ESTs. The gland cells of PCN are large and packed full of
secretory granules and rough endoplasmic reticulum (e.g., (Hussey & Mims, 1990)).
Furthermore, proteinaceous secretions are produced in great quantities from the parasite
surface (Robertson et al., 2000). mRNAs encoding secreted molecules are therefore
likely to be present in abundance in a representative cDNA library, When this approach
was used with a library made from the invasive stage of the animal parasite Toxocara
canis, over 13% of the sequences obtained encoded homologues of known secreted
proteins (Tetteh, 1997). Secreted molecules are likely to have important roles in several
aspects of the host-parasite interaction (reviewed by (Jones & Robertson, 1997)). They
may be responsible for the changes induced by these parasites in the roots of their hosts
(Hussey, 1989a} and they assist in invasion and migration through the root (Smant et al.,
1998). Secretions may also mask the parasite from the host (Forrest, Robertson, &
Milne, 1989) or down-regulate host defence responses (Molinari & Miacola, 1997) and,
as the parasite molecules in most intimate contact with the host, are likely to be the
‘avirulence factors' detected when a resistant response is initiated.

In order to determine the utility of the approach and in an attempt to identify
abundantly expressed mRNAs encoding secreted molecules we have undertaken a
small-scale EST project from both species of PCN, Globodera rostochiensis and G.
pallida. The results obtained are sufficiently encouraging to justify a much larger scale
application of this technology to these and other plant parasites.

MATERIALS AND METHODS

c¢DNA libraries

cDNA libraries from G. rostochiensis (Smant et al., 1998) and G. pallida (Jones,
Curtis, Wightman, & Burrows, 1996) were used in this project. Both libraries included
)2 as their primary source of biological material and contained more than 10° primary
recombinants with an average insert size of more than lkb. These libraries were
therefore considered representative of the genes expressed in the J2 of the parasites.

Template preparation
The G. rostochiensis library was prepared in a plasmid vector (pcDNA 2.1 —
Invitrogen, Groningen, NL). Preliminary experiments showed that over 95% of the
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plasmids contained inserts, eliminating the need for pre-screening of colonies. To
prepare template DNA for sequencing, approximately 100 colony forming units were
spread on 15 cm LB-Ampicillin (LB-Amp) plates and incubated overnight at 37°C to
allow growth of the bacteria. Individual, well-separated colonies were transferred to 3
ml of LB-Amp broth, which was then incubated at 37°C overnight in a shaker incubator.
Plasmid DNA was prepared from these cultures using a Wizard plasmid preparation kit
(Promega, Wisconsin, USA). Approximately 250 ng of this DNA was used as template
in sequencing reactions. For long-term storage, aliquots of purified plasmid DNA were
stored at -20°C.

The G. pallida library was made in a phage vector (lambda gtl1). This made it
necessary to use a different method for preparing template DNA for sequencing.
Approximately 100 plaque-forming units were grown on 15 cm LB-Amp plates overlaid
with top agarose using standard protocols (Sambrook, 1989). Individual, well-separated
plagues were removed using a sterile Pasteur pipette and left in 100 pl of 8M (50 mM
Tris-HC1 pH 7.5, 100 mM NaCl, 8 mM MgS0,, 0.01% gelatin) overnight at 4°C. Ten ul
of the phage plug eluate was then used as template in a PCR reaction with the lambda
gtl1 forward and reverse primers which bind to sites immediately flanking the cloning
site in this vector. Fifty pl reactions were carried out in {X reaction buffer (5 mM KCl,
10 mM Tris-HCL pH 9.0, 1% Triton-X 100} containing 1.5 mM MgCl,, 200 uM each
of dATP, dGTP, dCTP and dTTP, | pM each primer and 1 unit of Tag DNA
polymerase (Promega, Wisconsin, IJSA). An aliquot of the reaction products was run on
a 1% agarose gel (Sambrook, 1989) and reactions yiclding a single band of greater then
500 bp (by comparison with DNA standards) were chosen for further analysis. The
products of these reactions were cleaned using a Wizard PCR preps kit (Promega,
Wisconsin, USA). DNA concentration was estimated by comparison with DNA
standards on ethidium bromide stained agarose gels. Approximately 100 ng of purified
DNA was vsed as template in DNA sequencing reactions. For long-term storage,
aliquots of the amplified DNA and of the phage plug eluate were kept at -80°C as
previously described (Sambrook, 1989).

DNA sequencing

Sequences were obtained from the G. rostochiensis library using the SP6 primer,
while the lambda gtl1 forward primer was used when sequencing products from the G.
pallida library. A Big Dye Terminator cycle sequencing kit (Perkin Elmer Applied
Biosystems, Warrington, UK) was used, following the manufacturers instructions, to
generate sequences. Sequencing reactions (1/4 size) were carried out on a Gene Amp
System 2400 PCR machine and reaction products were purified by ethanol precipitation
before being run on an ABI 373 Stretch DNA sequencing system,
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Sequence analysis

DNA sequences were edited to remove vector sequences using Sequence
Navigator software (Applied Biosystems, Warrington, UK). Sequence comparisons
were carried out using the BLASTX program at The National Centre for Biotechnology
Information (NCBI), with sequences submitted in bulk using the Baylor College of
Medicine  (BCM) Search-Launcher  perl  script  (http://www.hgsc.bem.
tcm.edu/SearchLauncher/), a program written to allow bulk submission of search
requests. Some sequences were analysed in more detail using programs available
through the ExPASy web pages (http://expasy.hcuge.chitools/). Signal peptlide
predictions were made using the SignalP server (hitp://www.cbs.dtu.dk/services/SignalP
- (Nielsen, Engelbrecht, Brunak, & von, 1997)). Sequence alignments were generated
using MultAlin software (http://www toulouse.inra.fr/multalin.html - (Corpet, 1988)).

Primers

The primers used in this study were:
Lambda gti1 forward GTGGCGACGACTCCTGGA
Lambda gt11 reverse TTGACACCAGACCAACTG
SP6 ATTTAGGTGACACTATAG
Results

In initial experiments, 100 sequences were obtained from each cDNA library.
Work then focused on the G. rostochiensis library and approximately 1000 sequences
have been obtained from this library to date. A catalogue of the sequences generated
during this project can be viewed at (http://www scri.sari.ac.uk/nematode/). This page
provides a list of keywords for each sequence as well as links to the sequences
themselves. Links to the search results generated by BLASTX searches against non-
redundant protein databases for each sequence are also provided. The ESTs have also
been deposited in dbEST.

Table 1. Classification of ESTs sequenced.

Category Definition %

Housekeeping genes ESTs with matches from nematodes and other organisms 59

Nematode specific genes ESTs only matching sequences from other nematodes 22

PCN specific genes ESTs with no matches or only matching sequences from non-nematode 11
organisms

Other Vector, poor quality sequence, bacterial genomic DNA etc 8

The sequences obtained were first placed into one of four categories. The
distribution of the genes amongst the various categories is summarised in Table 1.
"Housekeeping genes' were defined as genes that had significant matches to genes in the
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database from nematodes and other organisms, Although this was not a precise
definition, proteins encoded by such genes were likely to be involved in general cell or
whole organism metabolism and were not usually likely to have a role in specific
nematode physiology or in parasitic processes. These genes were further subdivided as
shown in Table 2. Although any classification of this type is to some extent arbitrary,
the analysis demonstrates the relative proportions of the various protein types present in
freshly hatched G. rostochiensis J2. 'Nematode specific genes’ only produced matches
to genes in the databases from other nematodes (most often predicted proteins from the
C. elegans sequencing project or ESTs from filarial nematode parasites). These genes
were considered to produce proteins likely to be important in nematode physiclogy and
which may be adapted for a role in parasitic processes. 'PCN specific genes' had no
significant matches in any of the databases or only produced matches against non-
nematode sequences (see below) and were considered of particular interest as having a
potential role in PCN physiology or parasitism. 'Other genes' were those, which did not
fall into any of the above categories. These genes included sequences resembling parts
of transposable elements, fragments of cloning vector and very short sequence reads
with which it was not possible to perform meaningful database searches.

The proportion of sequences falling into each of the above categories was
similar from both libraries. Since the dataset for G. rostochiensis is currently so much
larger than tha for G pallida only these sequences are considered in detail below.

Table 2. Subdivision of ESTs classified as encoding housekeeping profeins. Categories were chosen
initially following those of (Blaxter et al., 1996}, with additional categories added where appropriate.

Category Definition or examples Number

Ribosomal proteins Self explanatory 81

Structural and muscle Muscle proteins, cytoskeletal components, cell wall components 104

Enzymes and metabolic  Proteins involved in standard cell or body metabolic processes 170

Transport Lipid transport proteins, membrane transporters 33

Gene expression Proteins involved in gene expression or RNA processing transcription 80
factors, splicing proteins, tRNA synthesis proteins

Neuron function Proteins involved Specifically in neuronal functions, neuropeptide 27
precursors, ion channels

Unknown Proteins from a wide range of organisms for which no function has 39
been described

Others Proteins not fitting into any of the above categories, e.g., cell surface 42

receptors, galectins, heat shock proteins

Discussion

39% of the G. rostochiensis sequences were classified as housekeeping genes
and since 8% sequences fell into the 'other' category the remaining 33% of the
sequences can be classified as being specific to nematodes. Analysis of the entire
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complement of genes encoded in the C. elegans genome suggests that 58% of these
genes are specific to nematodes (Blaxter, 1998). The difference between this figure and
that reported here is almost certainly due to the fact that the C. elegans analysis utilises
the genomic sequence and therefore reports matches for each gene in the genome no
matter how restricted its expression pattern. Genes expressed at extremely low levels
are also included in this analysis. By contrast, analysis of the G. rostochiensis genes is
currently restricted to those genes present in the J2 and, given the relatively small
numbers of cDNAs sampled, to those genes expressed abundantly enough to be detected
amongst the first 1000 genes sampled.

Housekeeping genes sequenced covered many of the proteins expected in a
functional eukaryotic organism. Although the vast majority of genes in this group are
present to allow normal cell or body functions to be performed, genes of potentially
greater interest were also placed in this category. Several different proteases which are
considered important targets for control of plant parasitic nematodes (e.g. (Atkinson,
Urwin, Hansen, & McPherson, 1995; Urwin, Lilley, McPherson, & Atkinson, 1997))
were detected including serine protease (gel391), cysteine protease (gel346), leucine
aminopeptidase (gel232) and a matrix metalloprotease (collagenase - gel498).
Similarly, a variety of antioxidant proteins including peroxiredoxin (gel468) and
internal and secreted forms of glutathione peroxidase (ge1229 and 1134) were detected.
Proteins encoded by these genes are important for parasitism of animals by nematodes
(e.g. (Clark, Hunt, & Cowden, 1986)) and may also provide prolection for plant
parasitic nematodes against aclive oxygen species generated as part of the host defence
response {e.g. (Molinari & Miacola, 1997; Waetzig, Sobczak, & Grundler, 1999}).

The majority of genes placed into the 'nematode specific' category, like the vast
majority of the predicted genes from the C. elegans genome, have no known function.
Exceptions to this are the lipid binding proteins, which have been extremely well
characterised from nematodes. Representatives from several different classes of lipid
binding protein were sequenced as ESTs from G. rostochiensis, including PCN
homologs of Ov20 (Tree et al., 1995; Kennedy et al., 1997; Prior, 1998 - gel466), the
nematode polyprotein allergen ((Kennedy, Britton, Price, Kelly, & Cooper, 1993) -
gel408) and Ascaris suwm FABP-1 ((Mei, Kennedy, Beauchamp, Komuniecki, &
Komuniecki, 1997) - gel1258). It has been suggested that some of the lipid binding
proteins of animal parasitic nematodes are adapted for a role in the parasitic process
(e.g. (Kennedy et al., 1997)). The cDNA encoding GPSEC-2, the PCN homolog of
Ov20, is particularly abundant in both the G. rostochiensis and G. pallida datasets
suggesting an important role for this protein in PCN biology; this protein is currently
under investigation in one of our laboratories (Prior et al., 1998).

Perhaps the most interesting of the genes were those classified as PCN specific
genes. Genes which produced no maiches in any databases, including the C. elegans
genome sequence and the extensive animal parasite EST databases, were included in
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this category as well as other genes which gave matches only against non-nematode
sequences. Some of the genes in this category, such those encoding cell wall degrading
enzymes (Smant et al., 1998), had an obvious role in the host-parasite interaction.
Others did not. For example, one sequence (ge236) gave a good match against an EST
from tomato (Lycopersicon esculentum) ovary but, despite extensive searching of many
databases using a variety of search types with both the nematede and tomato sequences,
no chie as to the function of either of these genes could be found. Other ESTs gave no
matches in any databases. Since these ESTs often had sequence characteristics which
suggested they represented real genes {e.g., a poly-A tail) and since they never produced
matches against bacterial DNA fragments, it is likely that these fragments represent
genuine G. rostochiensis genes and that they may have important functions in
parasitism of plants by these nematodes. As with all such 'pioneer' genes, investigating
the function of the proteins encoded by these genes is exwemely difficult. A good
starting point may be to develop systems for analysing spatial expression patterns of
large numbers of novel genes using techniques such as in situ hybridisation. Those
genes expressed in tissues likely to be responsible for generating secretions important in
the host-parasite interaction can then be selected for further analysis. A system for
large-scale in situ hybridisation which is amenable to some degree of automation has
been developed for C. elegans ESTs (Tabara, Motohashi, & Kohara, 1996); similar
procedures are currently being developed for PCN (G. Smant, pers. comm.).

One of the aims of this work was to isolate genes encoding secreted proteins of
PCN, based on the hypothesis that secreted proteins were likely to be abundantly
expressed. Proteins known to be secreted by plant parasitic nematodes such as GPSEC-
2, cell wall degrading enzymes, proteases and antioxidant proteins, were relatively
abundant in the dataset suggesting that the hypothesis was correct. One of the ESTs
(pal458) from G. pallida matched the chorismate mutase cDNA, recently cloned from
M. javanica (Fig. 1) (Lambert, Allen, & Sussex, 1999). The protein encoded by this
gene 1s expressed in the gland cells of M. javanica and is thought to be secreted into
host tissues. Although the function of this protein in the host-parasite interaction is
unclear, the fact that both cyst- and root-knot nematodes contain this gene, which has
not been described from any other animals, suggests it plays an important role in the
parasitic process.
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* * *

Erwinia MTHFVAIF FSSLFMCSNV FAGSV3SVSL G3LSSALNER MmoWMK
Meloidogyne MSLNWLYCNL FIVILLFNIV KSDTDTNADI DRFVEIADDR| LTLSD
PCN . . TANNNNFM CCKPNQOKTAT LFIVGVANKR] LMUAK

* * LR 3 -
Erwinia LEHHLPIED L H MLONAQQAGL EPHSVEPFVH
Meloldogyne IVNNQSITD P KLI{DD MRSKGENLSL SEDYVTLIFQ
PCN INNNSIDN F VVILON VLAQAKSAGI SDNYGEPFSQ
Erwinia _ YRYRADMLSS PDSAVP.MRD . QIQ QLDTQLLTAI SQ.RLMTGAF
Meloidogyne NYLVNLMNGT GIPPIK.VRN AID QINTEMLOLL VKIQKLPSKD
PCN KGYVK IK GS8PSQTVED RVT EATADMVLAL KTFPLFRNKS
Erwinia SQEDKEFLME HLTAPHLSES DRNSLFASLS RIQROH.... ..
Meloidogyne CLEKKVDKSVN NFIMRVNQID EQNDALXMAV KGEDLCPACK HN
BCN NCWSLLEHKQ TMTGNFLSLN KPHGVEAFRE AVVRLCG... ..

Figure 1. Alignment of predicted amino acid sequences of G. pallida pal438 EST
(frame +1 translation) with monofunctional chorismate mutase AroQ from Erwinia
herbicola ((Xia, Song, Zhao, Aldrich, & Jensen, 1993) - top non-nematode match with
pald38 in database) and NC30 chorismate mutase from Meloidogyne javanica.
Absolutely conserved residues are boxed; these are frequently active site residues {as
identified from E. coli CM mutase domain — (Lee, 1995)}) which are marked with
asterisks.

Identifying entirely novel secreted proteins with an important role in the host-
parasite interaction proved more difficult. Signal sequence prediction programs (Nielsen
et al., 1997) can be used to identify potentially secreted proteins but relying solely on
signal peptide predictions can lead to several problems. First, even when sequencing
directional libraries, not all EST sequences will be complete at the 5' end, making it
impossible to test all ESTs for the presence of a predicted signal sequence. Second,
many proteins with a predicted signal sequence will not have a function outside the
nematode but will be extracellular proteins which are kept within the nematode body. In
the absence of any functional data, screening out these cDNAs is an extremely difficult
task. Finally, evidence is emerging that some proteins without an apparently cleavable
signal sequence can find their way to the parasite surface (Lu, Egerton, Bianco, &
Williams, 1998; Robertson et al., 2000). Clearly, such proteins will not be detected
when screening sequences using a signal peptide predictor. Despite these problems,
there will be cases where interesting cDNAs can be identified on the basis of their

23



Chapter 2

sequence alone with cell wall degrading enzymes, antioxidant proteins and the
chorismate mutase providing examples of such cDNAs identified in the present study.
Perhaps the greatest utility of the EST dataset will be its use in combination with other
approaches. The collection of PCN sequences and corresponding plasmid clenes will be
a resource for projects generating fragments of genes. This offers the powerful
possibility of going from a short DNA or amino acid sequence directly to a full-length
clone without the need for further cloning experiments. The EST dataset also allows
functional characterisation of potential target genes to begin immediately.

Projects aimed at isolating genes of plant parasitic nematodes involved in
pathogenic processes have previously relied on methods which take many years to
complete. One approach favoured by many laboratories world-wide has been to
generate panels of monoclonal antibodies and to use these for cDNA library screening
or protein purification {(e.g. (Atkinson et al., 1988)). Despite many years endeavour by
many laboratories very few genes involved in pathogenesis have been isolated using
this approach. EST projects offer an alternative, complementary approach, which can be
vsed alongside more targeted experiments. This small-scale project is convincing
evidence that a much larger scale application of this technology 1o PCN and to other
plant parasitic nematodes, particularly Meloidogyne species, is a worthwhile invesiment
of time and resources.
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