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Chapter 1
Introduction

GENERAL INTRODUCTION

Nematodes are structurally simple animals known commonly as roundworms
or thread worms. They are cylindrical non-segmented cigar shaped organisms
distinguishing them from other types of worm. However, despite this
simplicity these helminths are the most ubiquitous animals on earth and have
successfully managed to colonise almost every environmental niche
imaginable. The majority of nematodes are free living and are found within
soil and water on every continent on earth. However, many have also
adapted to parasitize a host or in some cases a range of hosts. The diversity of
these invertebrates is amazing with species having evolved to feed on such a
wide platter of food as bacteria, algae, fungi, invertebrates (including
nematodes) and cellular components of both plants and animals.

However, as amazing and intriguing as these creatures are, they possess a
more sinister side which expresses itself mainly in the form of those parasitic
species which affect man. Either in a humanitarian nature through direct
infection and disease or indirectly as an economical burden on agricultural
productivity. The parasitic nematodes such as hookworms (Necator
americanus), whipworms (Trichuris trichess) and roundworm (Ascaris
lumbricoides) are all highly prevalent within the global population with
approximately 4.5 billion helminth infections estimated in a world population
of some 6 billion (UNICEF, 1998). Although not all of these infections will
result in mortality, morbidity as a result of infection is very common that
unfortunately like so many other sicknesses is more prevalent and exacerbated
in developing countries.

Other parasitic worms of importance are those that have detrimental effects on
agricultural output, whether of a veterinary or arable nature, forestry and
horticulture. Nematodes such as the intestinal parasite Ascaris suum, the
barber-pole worm Haemonchus contortus or the lung worm Dictyocaulus
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vivipams all impose parasitic burdens upon important agricultural livestock.
Infection leads to a loss of production through decreased weight gain and in
the worst cases can result in death of the host if not treated. Many species
also parasitize companion animals often causing emotional stress to both pet
and owner.

However, of greater significance and more important in terms of monetary
value is the economic burden elicited by the phytoparasitic nematodes (those
which infect plants). These nematodes infect plants from a wide range of
species including those used in the production of fiber. For example,
Rotylenchulus reniformis infects cotton plants and Globodera tabacum infects
tobacco plants, as well as a wide range of species infecting crops for consumer
consumption. A few examples of these are Globodera pallida which infects
potato plants, Heterodera glycines which infects soya beans and the
Meloidogyne genus which can infect a number of plant species including
tomatoes. The majority of plant parasites infect the roots of the host plant
although a number will also infect above ground level (Jagdale and Grewal,
2002; Munn and Munn, 2002).

The extent to which our lives are affected by these apparently insignificant
organisms is only now becoming apparent with attention turning to the
arduous task of controlling these pests particularly in light of nematicide
restrictions. The two main methods of control currently used involve the
manipulation of the environmental conditions in a deleterious way to the
nematodes, and/or combined with the use of chemical compounds of a
specific nature in the form of nematicides (anthelmintic therapeutics) (Conder,
2002) or general toxins in the form of a pesticide (Atkinson, 2002).

Unfortunately, the effectiveness of both approaches are somewhat hampered
by the resilience of nematodes against control methodologies and the
developing resistance among animal parasitic species (Kaplan, 2004). The
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YTYcieased awareness, of potential environmental damage caused by pesticides
has further limited nematode control (Atkinson, 2002). As a result of these
developments, continued research is essential to understand the intricate
biological processes that enable these worms to function despite our best
attempts to disrupt fundamental biological processes. This may lead to the
identification of more efficient and effective means of control before the
defences currently in place have been rendered ineffective.

CLASSIFICATION OF NEMATODES

Prior to the work of the Blaxter group ( Blaxter et al, 1998) the origins of
nematodes was somewhat a mine-field of assumptions and generalisations
often frustrating any attempts to unravel the cryptic diversity it has to offer.
This in turn led to a knock-on affect as far as the classification of this phylum
is concerned with differences in professional opinion classifying worms into
different categories. However, taxonomic frameworks were established based
upon the best interpretation of the knowledge available at that time; with this
in mind we are obliged to remember that such guidelines are not set in stone
and are flexible to interpretation in light of new discoveries.

The phylum Nematoda can be distinguished from other pseudocoelomate
groups by the possession of spicules and a ventral excretory pore (Schmitt and
Roberts, 1996) and has been historically split into two broad but distinct
groups. This separation into two groups is based upon the presence or
absence of a phasmid, this being a small sensory organ possibly a
chemoreceptor located on the surface of the nematode (Bogitsh and Cheng,
1998). The two groups are A) Secementea (Phasmidea), meaning the
presence of phasmids, essentially comprising terrestrial nematodes, the
majority of which are parasitic and B) Adenophorea (Aphasmidea), meaning
absence of phasmids, which comprises the most primitive nematodes most
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commonly associated with free-living species in predominately marine
environments.

The current opinion is that parasitic nematodes evolved originally from
bacterial feeding nematodes, which then adapted to life in decomposing
vegetation and from there through a variety of different divergencies into
parasitic forms of all types. Within the loose term of parasitic nematode we
can find yet another descriptive split in the form of phytoparasitism and
zooparasitism which separates nematodes into those which parasitize plants
and animals.

Within the class secementea there are nine orders, which include Strongylida
the hookworms, Spirurida the filarial nematodes, Ascarida the obligate
intestinal parasites of vertebrates, Oxyurida the pin worms, Rhignematida the
millipede parasites and Rhabditida which comprise free living and parasitic
forms, including plant parasitic nematodes. One such order is the Tylenchida
that includes the plant parasitic stomatostyle worms that infect below ground
level and the order Aphelenchia which parasitize plants above ground level
(Fig. 1).

However, the problems with such groupings and classes are the difficulties
associated with discerning between homology and the possibility of
converging evolution. For example, in the case of stomatostylets such
complications are all too evident with stylets having evolved independently in
four lineages by at least three different routes (Clark, 1994). These inevitable
complications are, however, being unravelled due to the increasing
dependence upon molecular technological approaches, which compare amino
acid or nucleotide sequences (Field et al., 1988; Lake, 1994) as opposed to
depending upon morphological differences alone.
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These advances have led to the establishment of new theories while
confirming or discrediting existing views. Work by Blaxter et al. (1998)
compared key nematode species from all major families in an attempt to re
evaluate the phylogenetic relationships within nematode taxonomy
(Schierenberg, 2000). Blaxter’s discoveries resulted in a new classification
framework with marked differences to that of earlier researchers and clearly
highlighted the high degree of convergence amongst nematodes.
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(Fig. 1) Historically accepted classification system for the phylum Nematoda
(after Dorris et al., 1999)
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This so called “Tree” saw the division of nematodes into five separate groups
known as clades designated I-V instead of the original segregation of
Adenophorea and Secementea. The implied primitive nematodes
Adenophorea were replaced by two clades I and II with I comprising
vertebrate, invertebrate and phytoparasites including bacteriovores and
algivores. Clade II excludes the vertebrate and invertebrate classes but retains
the others of the first clade. Likewise the class Secernentia was also replaced,
this time with three clades III, IV, V. Clade III containing vertebrate and
invertebrate parasites of the orders Ascaridida, Oxyurida, Spirurida and
Rhigonematida while clade IV was sub divided into two separate groups IVa
and IVb. Clade IVa containing the vertebrate parasites, entomopathogens and
bacteriovores while IVb includes invertebrate parasite, phytoparasitic
nematodes and the bacterio/fungivores of the orders Tylenchida,
Aphelenchida and Cephalobidae. Finally clade V links the free living
algivores, bacteriovores, entomopathogens and invertebrates parasites
Dipologasterida and Rhabditine with the vertebrate parasitic Strongylida.
This new information substantiated earlier claims that both plant and animal
parasitic nematodes evolved in a number of lineages independently (Fig. 2).
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(Fig. 2) The phylogenetic structure of Nematoda including the five major
clades identified by (Blaxter et al.7 1998). The trophic ecology of each clade
is represented in the diagram (after Dorris et al., 1999).
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PLANT PARASITIC NEMATODES

Plant parasitic nematodes can be found in the clades I, II and IVb. However,
the nematodes of IVb and particularly those from the order Tylenchida that
generate the most interest. The phytoparasitic nematodes of this order are
highly developed with a diverse and impressive range of root parasitic
strategies (Sijmons, Atkinson and Wyss, 1994; Wyss, 1997). These
nematodes can be broken into two main categories depending upon the
feeding practices within the root system of their host plants migratory or
sedentary.

Migratory tylenchids, which incorporate ecto-parasites, sedentary ecto
parasites, ecto endo-parasites and migratory endo-parasites, include those
worms that may feed at a specific site for up to several days. The migratory
ecto-parasites have the most primitive mode of parasitism, remaining outside
the root utilizing a protrusible stylet to feed on the root epidermal cells or
deeper, while the sedentary ectoparasites feed on a single site on the outside of
the root for an extended period. Finally the migratory endo-parasites, which
although they enter into the root system itself do not establish a single feeding
site and they feed periodically as they migrate through the root tissue.

Sedentary nematodes in comparison include those that stay at a single feeding
site, either a syncytium or a giant cell and once this has been established they
have the most advanced and specialised interaction of all plant parasitic
nematodes so much so that their life cycles have become highly entwined with
that of the plant. These exceptionally specialised feeders belong to the cyst
and root knot nematode families of the genera Globodera, Heterodera and
Meloidogyne, and are the most economically devastating plant parasites. The
worms of these genera share a very similar life cycle which involves root
invasive second stage juveniles (J2) with vermiform developmental stages
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that, after the establishment of the feeding site and ingestion of food, is lost in
females but regained in males.

Potato Cyst Nematodes (PCNs) feed on a range of hosts within the Solanaceae
family including tomatoes and aubergines, but most importantly on the tuber
forming variety of plant, potatoes. It is believed that PCN like the potato plant
evolved in South America in the Andean hills and was subsequently
introduced into Europe by early Spanish colonists around the fourteenth
century as a staple food crop. The success of this crop was total and its spread
across Europe was evident, including that of its elusive parasite believed to be
introduced much later in the nineteenth century. The size and resilience of the
worms and cysts meant that PCN was spread easily and unintentionally in the
roots of the plants and in soil between countries accidentally by man who at
this stage were unaware of the parasites existence.

THE LIFE CYCLE

The family Heteroderidae contains the cyst nematode of the genus
Heterodera, which includes the more economically important soya bean,
sugar beet, cereal and pea cyst nematodes, while the genera Globodera
includes the potato cyst nematode first named by Stone, (1973). Both genera
belong to the sub family Heteroderinea and are very similar in their plant
attack strategies and the developmental stages of their life cycles but can be
easily separated by the lemon shaped cysts of Heterodera as opposed to the
spherical cysts of Globodera.

The life cycle of the potato cyst nematode begins when the freshly hatched J2
with their vermiform shape, about 400-500pm in length and 20-30 pm in
diameter actively seek their host roots. The hatch of the juvenile from the cyst
is triggered by chemical stimuli from the plant host, believed to be root
washings through the soil surrounding the potato root. Parasitic nematodes
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frequently synchronise their life cycles to that of their host, optimising the
chance of successful invasion (Perry and Clarke, 1981). This leachate is
known as potato root diffusate (PRD) and it is this source which the J2 migrate
towards, using its concentration gradient as a guide to finding its potential
host (Clemens et ai, 1994). This diffusate contains allelochemicals, which
are chemical substances that cause a physiological or behavioural response
between the members of different species (Perry, 1998), and are commonly
referred to as hatching factors. These hatching factors are believed to be
derivatives of essential plant biosynthetic pathways (Masamune et ai, 1987),
three of which have been identified as glycinoeclepin A, B and C (Masamune

et al., 1982; Fukuzawa et ai, 1985a/b) with as many as twenty five having
been identified (Byrne et ai, 1996). These hatching factors are specific
attractants for the orientation of nematodes towards host roots and are aided
by various non-specific stimuli around the roots like pH, amino acid, sugar
and the CO2 gradients (Perry, 1998). A short exposure of the cyst to PRD is
enough to stimulate hatching (Forest and Perry, 1980) and when the stimulus
is subsequently removed the J2 can hatch in water.

Hatching involves a change in the lipoprotein membrane of the inner lipid
layer of the egg shell (Perry et ai, 1982) which alters eggshell permeability
allowing the rehydration of the juvenile (Ellenby and Perry, 1976). This
results in a number of metabolic changes culminating in the increased
locomotion of the juvenile which uses its stylet to pierce the egg wall and
escape from the cyst.

Following hatch and location of the host roots, the sexually undetermined J2
can penetrate the host root along any area using its robust stylet as a punching
device, although the region just posterior to the root tip i.e. zone of elongation
appears to be the preferred region of penetration possibly due to the younger
cells having a weaker structural consistency, or being more active as a result
of producing more diffusate (Perry, 1998). Upon entry into the root the J2 will
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actively migrate towards its eventual feeding site within the vascular cylinder
of the root using its syringe like stylet to pierce its way through the cortex in
its intra-cellular migration. This action evidently leaves a trail of destruction
in the form of cell necrosis. Once the vascular cylinder is reached the
rigorous migration of the juvenile changes to a more subtle exploration as the
worm attempts to establish a feeding site.

The feeding site of the cyst nematode consists of a large multi-nucleate
syncytium which can consist of up to 200 integrated cells. These cells exhibit
partial cell wall degradation and nuclei which are swollen and enlarged. This
group of cells is known as a nurse cell and is associated with metabolically
active females. Completion of these sites act as strong sinks for both phloem
derived solutes (Grundler and Bockenholf, 1997) and water essential for
nematode development from J2 to adult stages.

The life cycle of the sexually undetermined cyst nematode diverge here into
the male and female sexes depending upon the quantity and quality of solutes
required for development (Grundler and Wyss, 1995), with both sexes
developing on good host cultivars. In poorer syncytia the J2 sexuality will be
determined as male, also believed to be affected by the population densities
within the root (Ellenby, 1954; den Ouden, 1960) and these will feed up to the
J3 stage swelling slightly due to feeding. Then feeding stops and the J3 moults
again inside the juvenile cuticle back to its vermiform shape and following the
final moult the adult male will emerge from its cast in the root and actively
seek the females for copulation, they survive for 9-10 days (Evans, 1970).
The male worm uses the gradient of the sex pheromone released by the
females to locate a mate (Perry and Aumann, 1998).

The development of the female as mentioned above is determined by the
provision of food due to the higher metabolic demands of egg production
(Muller, Rehbock and Wyss, 1981). If the feeding site is sufficient for female
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development the female continues feeding up to the fourth moult. During this
period she becomes engorged upon the phloem solutes and loses her
vermiform shape acquiring a more saccate appearance. The swollen body of
the female has now crushed the surrounding plant cells to the extent that her
body is protruding out of the root to the surrounding environment with only
her head region remaining within the root at the feeding syncytium.

Upon her final moult the female is fertilised by the males who can access her
body which now protrudes from the root and the female dies, her body wall
forming the protective cyst which will guard her eggs due to the action of
polyphenol oxidase on the polyphenols in the cuticle. The cyst itself can
contain 200-300 eggs and remain viable in the soil for 7-15 years with some
cysts surviving extreme environmental conditions of -35 to 55°C (Atkinson et

al., 1998).

LIFE CYCLE OF PCN (Fig. 3)
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(Fig. 3). A diagrammatic representation of the life cycle of PCN after Jones

DAMAGE CAUSED TO HOST

Infection of the potato cultivars by these cyst nematodes has a number of
detrimental affects upon the plant. The most obvious is that caused to the
plant and its produce i.e. the tuber,, however there are also less obvious
secondary consequences of infection. The initial penetration of the root
epidermal cell by the nematode automatically breaches the plant’s first line of
defence, that of a physical barrier to pathogen infection. The wounds left by
invasion expose the roots to secondary infection from soil borne pathogens,
either bacterial or fungal, as effectively demonstrated by Grainger and Clark
(1963) where potato production yield showed a greater loss when both PCN
and Black Scurf or Stem Canker were present in the soil as opposed to just a
PCN infection.
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Also the destructive, aggressive migration of the nematode in search for the
vascular cylinder can also cause extensive damage concluding in cell necrosis.
The most obvious damage to the potato plant however, must come from the
action of the feeding nematode itself. The establishment of the feeding
syncytium and its efficiency at attracting phloem solutes results in a number
of disadvantages to the plant. The action of PCN reduces the yield of tubers
that the plant produces, the important economic burden of this type of
parasitism, by influencing both top growth and root development. PCN
reduces the development of the root system causing a stunted appearance
which consequently reduces the nutrient and water uptake by the plant (Turner
and Evans, 1998). This in turn is extenuated by a decrease in the rate of top
growth which causes an increase in the duration from crop planting to harvest
as a result of decreasing photosynthesis and water efficiency (Trudgill, Evans
and Phillips, 1998).

COMPARISONS TO OTHER PLANT PARASITIC NEMATODES

The other major group of sedentary endo-parasite within the family
Heteroderidae belongs to the sub-family Meloidogyninae and is the root-knot
nematode of the genus Meloidogyne. These nematodes present an even
greater threat as soil borne pathogens due to their wider range of
environmental habitat and broad host target size. They are, however, quite
similar in their lifestyle to the cyst nematodes differing on a number of points
physiologically and behaviourally. Unlike the cyst nematodes, Meloidogyne
J2 hatch from a gelatinous sac and this hatch is not stimulated by PRD. Also
upon entry of the root system Meloidogyne species have a much more passive
migratory policy, inter-cellular rather than intra-cellular, thus being much less
destructive. Their slighter constructed stylet is not used for puncturing cells
and their migratory pathway takes them the route of least resistance (inter
cellular) unlike the cyst nematode which burst through the root tissue (intra-
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cellular). It is also believed that Melotdogyne may use extra-cellular enzymes
to aid in this migration thus helping to explain its less robust stylet and
aggressive behaviour. Members of both families feed from the same region;
however, G. pallida feed from a multinucleate syncytium

vj\\\\q

Meloidogyne

feed from a feeding site comprising giant cells. The feeding action of
Meloidogyne causes the production of a gall on the root system and they also
follow a slightly different sequence of moulting to Globodera. The female
also swells upon feeding but remains completely embedded within the root
tissue and rather than forming a cyst around the eggs they are passed from the
rectum within a gelatinous egg sac, which protrudes to the external
environment.

MORPHOLOGY

BODY WALL

The nematode body wall is composed of an outermost layer the cuticle, which
lies on the hypodermis, both of which are supported by somatic musculature.
It is this structure which contributes to the hydrostatic skeleton (Bird and Bird,
1991; Chalfie and White, 1988), essential for maintaining the defining shape
and body form of the nematode.

CUTICLE

The cuticle or exoskeleton is the outermost covering of the body wall,
secreted by the underlying hypodermis and although this is a “non living”
layer it is structurally highly complex and of great structural importance to the
worm (Baldwin and Perry, 2004). Besides its primary structural role, the
cuticle has important physiological and biochemical roles including protection
from the environment, via its overlying carbohydrate rich coat or glycocalyx
(Blaxter et ai, 1992), selective permeability, nutrition and excretion (Blaxter
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and Robertson, 1998). The juvenile plant parasitic nematode Globodera
rostochiensis is believed to present the enzyme thioredoxin peroxide in its
juvenile form on it surface (Jones et al., 2000) in an attempt to disrupt
hydrogen peroxide which is produced by the host plant in response to
nematode infestation (Waetzig et al., 1999). As well as playing a direct role
in resistance to host attack, moulted cuticles can be retained as protective
sheaths which also provide protection from environmental extremes (Perry,
1999).

HYPODERMIS

The external epithelium or hypodermis constitutes the outermost living layer
of the nematode and lies beneath the basal lamina of the cuticle. This layer is
primarily responsible for the synthesis and secretion of the cuticle and is
composed of a thin plasmalemma bound layer interrupted by four thickened
cords containing nuclei. These hypodermal cords project into the pseudocoel
of the body cavity and run almost the full length of the worm. These four
longitudinally directed cords divide the somatic musculature into four
quadrants where the lateral cords contain the lateral canals of the excretory
system in most species and the dorsal and ventral cords contain longitudinal
nerve cords.

SOMATIC MUSCULATURE

This body wall muscle is composed of striated longitudinal muscle fibres
associated with locomotion and in conjunction with the pseudocoel and
cuticle, helps maintain the hydrostatic skeleton of the nematode. The muscle
is attached to the inside of the body wall by tonofilaments that extend from
hemidesmosomes on each side of the hypodermis, complimented by
corresponding hemidesosomes on the muscle plasmalemma. Thus contraction
of the somatic muscle is fully transferred through to the body wall.
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The somatic muscle comprises spindle-shaped, longitudinally orientated cells
that interconnect to form a layer divided into four regions by the hypodermal
cords. Although individual muscle cells are variable among taxa, there are
particular conserved features of each muscle cell, namely, a contractile region,
with highly organised myofilaments (actin, myosin) called sarcomeres, a noncontractile region, which acts like a cell body and projects into the
pseudocoelum and contains the more general organelles like the nucleus and
mitochondria, and finally, an arm that extends from the cell body to the
longitudinal nerve cord or nerve ring where synapses occur thus acting as an
innervation process. It is this fibrillar arm originating from muscle to nerve
which gives nematodes their unusual neuromusculature synapse (De bell,
1965; Stretton, 1976; Del Castillo et ai, 1989), when compared to most other
invertebrates and all vertebrates where neural processes always synapse with
muscle cells.

However, this arrangement of innervation can be seen in certain other
invertebrates including Gastrotrichs (Trechert, 1977). The arrangement of the
contractile and non contractile regions of the muscle cells varies among
nematode taxa as well as stages of development and is believed to some extent
to be a function of nematode size. Throughout the body of the worm the
arrangement of somatic muscles to either the dorsal or ventral nerve cord
depending on the nature of the muscle restricts body flexures to the
dorsoventral plane with the dorsal muscle contracting while the ventral muscle
relaxes and vice-versa producing a characteristic sinusoidal movement
(Stretton et ai, 1992). The anterior head region of the nematode has a more
complex innervation pattern with muscles synapsing with nerves from both
the dorsal and ventral nerve cords as well as the nerve ring and combinations
of both. This arrangement permits the lateral and dorsoventral movements of
the head which are essential in nematode behaviour including orientation and
feeding (Perry and Aumann, 1998).

19

PSEUDOCOELUM

This structure is a fluid-filled cavity that lies between the somatic musculature
and the rest of the external components of the body wall. This cavity is lined
by an incomplete mesoderm and this defining feature separates it from true
ceolomates, with the pseudocoelom being derived from an embryonic
blastocoel (Baldwin and Perry, 2004). The importance of this cavity is the
role it plays in the functioning of the hydrostatic skeleton, where its turgor
pressure provided by the fluid filled pseudocoelom antagonises muscle
contraction. The hydrostatic skeleton confers rigidity and transmits pressure
caused by the contraction of either the dorsal or ventral muscles to other parts
of the body while the structure of the cuticle ensures the forces generated are
expelled longitudinally.

The cell free fluid that fills the pseudocoelom is known as the haemolymph or
pseudocoelomic fluid and is a complex solution that also plays a role in the
transport of solutes e.g. electrolytes, proteins and carbohydrates from one
tissue site to the other. It is the limitations of the hydrostatic skeleton and
haemolymph of the nematodes that define the characteristics and behaviour of
the worm.

DIGESTIVE SYSTEM

The nematode digestive system is an open pipe that extends the longitudinal
axis of the worm starting and terminating within invaginations of the body
wall cuticle.

The digestive tract starts at the stoma, the circular opening of the lumen of the
pharynx to the external environment. The stoma is lined with an extension of
the body wall cuticle and is highly conserved throughout the phylum. This is
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supported by cuticular thickenings lining the cheilostom; in Tylenchida, for
example, this is expressed as a hexaradiate cuticular or cephalic framework in
the head region through which the stylet moves (Baldwin and Hirschmann,
1976; Byers and Anderson, 1972; Chen and Wen, 1972, 1980; Endo, 1984,
1985), while in classes like Diplogasterida and Strongyhda this lining of the
cheilostom can be repeated up to 30 times. Food is ingested through the
stoma and pharynx and drawn into the foregut by a well innervated muscular
pharynx, through the high pressure created by the pseudocoel and is then
forced down into the intestine of the worm.

The pharynx encloses the posterior end of the stoma and runs posteriorly to a
cylindrical, bulbous structure known as the postcorpus. The pharynx acts as a
good taxonomic indicator due to the varying size, shape and structural
differences associated with each order and species of nematode (Baldwin and
Perry, 2004). The pharynx, which is covered in a basal lamina, can be
composed of a single cylinder-shaped structure found in Monoechida,
Enophida and some Monhysteria to a two-part pharynx composed of a
narrower anterior region (corpus) followed by a broader posterior cylindrical,
bulbous region known as the postcorpus, commonly found in Dorylaimida
and Triplonchida (Baldwin and Perry, 2004). A three part pharynx occurs
when the corpus leads to the post-corpus and divides into a narrow isthmus
and a basal bulb, as found in secementea like Rhabditida, Diploasteridia and
Tylenchida. Additionally, the corpus can be sub-divided again into the narrow
non muscular pro-corpus followed by a broader muscular pump (metacorpus)
(Baldwin and Perry, 2004).

The primary components which make up the structure of the pharynx are the
muscle epithelium, gland and nerve cells. The importance of the relative
proportions of these cells within the pharynx vary depending upon the
specialised feeding strategy of the nematode. This diversity reflects emphasis
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on mechanical activity depending on the requirement to break, grind,
condense, move or digest food.

The mechanism of action of the pharynx, based on the knowledge of the
turgor pressure created by the pseudocoelom is that of peristalsis, whereby,
the food is pushed down the digestive tract by the closing of the pharynx
lumen behind the food and as a direct result of hydrostatic pressure and not
the action of circular muscles. The mechanism behind this process has been
described by Bennet-Clark (1976). Food is ingested when the buccal and
anterior pharynx muscles contract opening the mouth (stoma) and causing the
anterior portion of the pharynx (corpus) to dilate and suck in the food.
Following this, relaxation of the anterior muscles allows the mouth and corpus
region of the pharynx to close due to the hydrostatic pressure created by the
pseudocoel. This action initiates a progressive wave known as peristalsis,
dilating and constricting the pharynx immediately before and after the food
substance, and directing the food to the intestine. Digestive enzymes are
added by the pharyngeal glands along the way to aid in the breakdown of the
food, the intestine being primarily an absorptive organ.

In the Tylenchids there are three large pharyngeal glands, one dorsal and two
sub ventral. These glands enter the food canal via two sets of valves, the
dorsal valve, posterior to the stylet base and the sub ventral valves in the
postenor of the metacorpal bulb. These valves regulate the flow of the
membrane bound secretory granules produced in the glands into the pharynx
(Endo, 1984). The proposed functions of these secretions suggest an
involvement in a wide range of activities essential to the successful parasitism
of the plant (Endo, 1993). The packaged proteins from the dorsal gland are
believed to be involved in the formation of a food tube and maintenance of the
feeding site while those of the sub ventral glands are still undetermined
(Hussey, Davis and Baum, 2002). Their roles, however, have been suggested

22

as being involved in both penetration and migration within the root tissue and
digestion of food substances (Hussey, 1989).

The junction between the pharynx and intestine is defined by the presence of
pharyngeal-intestinal junction or valve. This non-muscular structure is
responsible for the regulation of the flow of food into the intestine (Mapes,
1965a,/ b, 1966; Chitwood and Chitwood, 1974) by means of the pressure
changes from the anterior muscles of the pharynx or specialised cells of this
region. The intestine is the largest organ of the digestive system and
compared to the diversity of the pharynx it is highly conserved among the taxa
in gross morphology (Chitwood, 1950).

This may be due to the fact that the structure of the intestine is basically a tube
although its cellular composition and contents may vary from the anterior to
the posterior of the gut. The lining of the gut comprises a single layer of
epithelial cells which surround a relatively flattened lumen. The intestine
along with absorption is also believed to be involved in the storage of food
and also possibly the secretion of digestive enzymes (Munn and Munn, 2002).
The intestine terminates at the intestinal-rectal valve, where after the tube is
referred to as the rectum. In males the end of the rectum is a shared duct of
both the digestive and reproductive systems and is subsequently known as the
cloaca, in females the rectum runs to the anus.

REPRODUCTIVE SYSTEM

Nematodes in general are dioecious being identified as male or female from
their distinguishable secondary sexual structures e.g. copulatory spicules in
males, although hermaphrodites do exist. In the plant parasites this
differentiation is even more pronounced in some species as a result of sexual
dimorphism where the males remain vermiform and migratory as opposed to
the females, which eventually become sedentary and enlarge becoming
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saccate in some cases (Turner and Evans, 1998). The male is typically
smaller than the female with a more pronounced curvature to the tail, in some
cases such as Philometra and Trichosomoides the male is actually small
enough to live within the uterus of the female (Chitwood, 1950; Hirschmann,
1960).

The male reproductive structures, the gonad, are solid cords of cells,
connected to ducts leading to the exterior of the worm thus allowing
fertilization. The male testis is a single epithelial sac with a germ zone at the
most distal end to the cloaca with the growth zone immediately beside this
(Baldwin and Perry, 2004). The gametes produced here are then transferred
or stored in the seminal vesicle, which connects to the vas deferens that
transports the products to the cloaca. The vas deferens is glandular in its
anterior most portion and muscular in its posterior region closest to the cloaca
and therefore can be called an ejaculatory duct. The wall of the cloaca has a
pair of cuticle lined copulatory spicules that cup around one another and
sperm is transferred between the two into the vagina. This action is facilitated
by coiling of the male tail around the vulval region.

The same is true of the female genital tract with some structural differences.
The ovary is a sac-like structure where germ cells are enclosed by an
epithelial sheath (Baldwin and Perry, 2004). The ovary is connected to the
uterus via the oviduct, which has an epithelium lining continuous with that of
the ovary. Near the end of this duct a widening occurs that stores sperm and
is usually the site of fertilisation of the ova. The uterus is an epithelial tube
surrounded by a layer of muscle and is involved in secretions which form the
packaging of the egg. The ovijector is often used to describe the muscular
region of the uterus that connects to the vagina and in turn leads to the
external opening known as the vulva, which is little more than a transverse slit
in the cuticle of the worm (Drecraemer, 1995).
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NERVOUS SYSTEM

The structure of the nematode nervous system was first examined as long ago
as 1816 by Otto and the work was continued by Butschii 1874 and
Goldschmidt 1908 who mapped the neurons in the large nematode Ascaris.
Considerable research and studies have been carried out over the centuries and
as technology advanced the size of the nematode used decreased and
information gleaned increased. The development of such endeavour was
expressed by White (1986) and colleges when they reconstructed an
ultrastructural profile of the entire nervous system of the free living nematode
Caenorhabditis elegans. As predicted by Chitwood (1950), the basic pattern
of neurons is remarkably consistent throughout the phylum.

The nervous system is composed of the most basic of nerve elements the
“neuron” which is a single nerve cell with mono, bi or polypolar elongated
processes. This cell includes a nucleus (nerve cell body) with an axon which
conducts nerve impulses over a distance to other cells, and a dendrite which
usually terminates in a sensory organ. Where a number of nerve cell bodies
congregate this is known as a ganglion and large cords containing a number of
axons or dendrites are known as nerve bundles. Neurons can be classified as
one of three basic types including sensory, motor and inter/adjustor neurons.
The nematode nervous system would be described as structurally simple in
that it contains a small number of neurons (302 in C. elegans, 298 in A. suum)
(Maule et al., 1996b). These are found in two major concentrations, one in
the anterior pharyngeal region the other in the posterior anal region, connected
by longitudinal nerve cords. The neurons are organised into three distinct
groups, the central, peripheral and sympathetic nervous systems.
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CENTRAL NERVOUS SYSTEM (CNS)

The main structure comprises the circumpharyngeal nerve ring which acts as a
commissure encircling the pharynx of the nematode and connects the ventral,
lateral and dorsal ganglia. This region is commonly known as “the brain” due
to its uniquely high integration of sensory information within the nervous
system (White, 1988). In addition to this nerve ring the central ganglion also
includes numerous ganglia posterior and anterior to the nerve ring with
connecting interneurons and a large ventral nerve bundle which extends
posteriorly towards the anus (Bird and Bird, 1991). There are also smaller
dorsal nerve bundles which run posteriorly and both the ventral and dorsal
cords have sub-divisions which vary, depending upon the parasite. All the
major longitudinal nerve bundles are closely associated with the hypodermal
cords, either situated beside these or partially incorporated within. The final
element of the CNS is the posterior caudal, preanal or perianal nerve ring
which is positioned close to the rectum of the worm (Chitwood and Chitwood,
1974).

PERIPHERAL NERVOUS SYSTEM

This system incorporates the network of neurons within the inter-cordal
hypodermis and the net like neural pattern which lies just beneath the cuticle
surface. They include such systems as the cephalic papillary nerves,
amphidial nerves, genital papillary nerves and nerves innervating deirids and
the somatic nerves (Wright and Perry, 1998; Baldwin and Perry, 2004). The
six papillary nerves have their sensory endings in 16 cephallic sensilla, and
comprises 2 sub-dorsal, 2 lateral and 2 sub-ventral cords and are connected
directly to the nerve ring. The amphidial nerves also fall into the peripheral
system comprising the most anterior sensory receptors, running posteriorly in
the centre of a lateral ganglion where they join indirectly to the nerve ring.
The amphids like the cephalic sensilla are pit like structures within the cuticle
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of the wonn with specialised nerve endings (cilia) (Jones, 2002). The
amphids are the largest and most complex sensory structures where an
opening leads to a deep pit at the base of which there are several neural
processes, its complexity being demonstrated by 23 cilia found in the
amphidial nerve endings as opposed to 13 in papillae (Jones, 2002).

The second set of neurons included in the peripheral nervous system are the
somatic nerves. These are subsidiary nerves which extend from the nerve ring
via the lateral and dorsal hypodermal cords the entire length of the worm

THE ENTERIC NERVOUS SYSTEM

Although the majority of organs within the nematode come under independent
control of the CNS two individual systems are recognised by Chitwood,
(1950) as being semi-independent of this, namely the pharyngeal and
rectal/cloacal regions. These regions have separate sympathetic nervous
systems and together are known as the enteric nervous system. The pharynx
is a highly specialised feeding structure and has been described as having 20
neurons in a ring concentrated in the metacorpus with a secondary ring in the
terminal bulb, and three nerve processes extending anteriorly most of its
length (Baldwin and Perry, 2004). These nerves have various processes with
two specific nerves being neurosecretory. The nervous system is selfcontained with neural cell bodies being confined within the pharynx. This
part of the enteric nervous system is connected with the CNS by two
intemeurons. This arrangement is highly conserved and has been described
for the model parasites Ascaris and Parascaris (Johnson et al, 1996; Rogers
et al., 2001).

The rectal/cloacal sympathetic nervous system (NS) is believed to be less
divergent from the CNS than that of the pharyngeal NS. Like that described
in the pharynx, it has a nerve ring which surrounds the rectum, originating
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from the ventral nerve cord and is responsible for the stimulation of
copulatory structures such as the spicules and sensory organs the phasmids
(Baldwin and Perry, 2004).

SUPPORTING TISSUE

The nervous system of nematodes is ensheathed in shallow indentations of the
epidermis known as glia. This connective tissue, made of a number of
different cell types, glia, escort and clavate cells, replaces that found in other
phyla i.e. myelin cells. No myelination occurs in the nematode nervous
systems.

NEUROTRANSMITTERS

The nervous system of nematodes has been well defined structurally by the
early work of Goldschmidt 1908; Chitwood and Chitwood (1974) and
advanced by the research of White (1986) in his painstaking analysis of the
ultrastructure of C. elegans. The sequencing of the C. elegans genome
combined with this work has opened many avenues of investigation and
identified the urgent need to match the structural information already gleaned
with the functional activities of these structures. To date only the tip of the
iceberg has been exposed in regards to the chemical complexity of the
structurally simple nematode nervous system. This is due substantially to
localisation and isolation of an increasing number of nematode neuropeptides.
Neurotransmission within the nervous system occurs when an action potential
arrives at a pre-synaptic nerve ending causing the opening of voltage-gated
Ca2+ ion channels and the resulting influx of Ca2+ into the nerve cell causes
the secretion of neurotransmitter molecules (Tam et al., 2000). These
neurotransmitters are packaged into vesicles which depart from the presynaptic nerve via exocytosis, diffuse across the synaptic cleft and bind to
their relevant receptors which in turn mediate their response either directly
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through ionotopic receptors or via secondary messenger systems (Martin,
1997). There are a number of neurotransmitters identified within the nematode
nervous system (Wright and Perry, 1998).

THE CLASSICAL NEUROTRANSMITTERS

These small molecules are synthesised from previous forms in the presynaptic terminal of neurones via the action of specific enzymes. Upon
release from the region of the pre-synaptic cleft known as the ‘active zone’,
the packaged molecules diffuse across the synaptic cleft where they interact
with a specific receptor. After they have fulfilled their role they are rapidly
degraded and recycled (Walker and Holden-Dye, 1991; Halton et al., 1994;
Walker, Brooks and Holden-Dye, 1996). There are a number of classical
transmitters which have been identified within the nervous systems of
nematodes including Acetylcholine (ACh), y amino butyric acid (GABA),
serotonin 5-hydroxytryptamine (5-HT), glutamate, dopamine, octopamine,
histamine and tyramine.

ACETYLCHOLINE (ACh)

This is the best studied neurotransmitter in nematodes derived from studies on

A. suum and C. elegans where the evidence suggests that ACh is the main
excitatory transmitter within the nematode nervous system (Rand and Nonet,
1997; Avery and Thomas, 1997) (Table 1). Work on the neuromuscular
junctions of Ascaris has shown ACh to be present in the excitatory
motomeurones while absent from inhibitory motorneurones (Johnson and
Stretton, 1985). From the observed poisoning of plant parasitic and free living
nematodes (Wright, 1981) as a result of organophosphate and carbamate
nematicides which target and break down the enzyme ACh esterase (Wright,
1981; Opperman and Chang, 1992; Winter et al., 2002) it is believed that
excitatory cholinergic transmission is common to all such species. As a result.
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a number of anti-acetylcholinesterase compounds have been employed as
anthelmintic drugs (Martin, 1993; Martin, Robertson and Bjorn, 1997).

ACh activity has been revealed by identification of the presence of
cholinesterase (Bancroft, 1967) and has ultimately been identified in a wide
range of locations within the nematode including the CNR, dorsal and ventral
nerve cords, pharyngeal and reproductive structures.

y AMINO BUTYRIC ACID (GABA)

GABA is regarded as the most abundant neurotransmitter in vertebrates and
invertebrates (Cooper et ai, 1991). It was first identified as a
neurotransmitter in nematodes as an inhibitor at the neuromuscular junction in
Ascaris (De Castillo et ai, 1964). Since then, it has been shown in all ventral
nerve cord inhibitory motorneurones in Ascaris (Stretton et ai, 1985; Johnson
and Stretton, 1987) as well as being present in 10 cephalic and one dorsal
rectal ganglion neurons (Guastella and Stretton, 1991) (Table 1). Studies on
C. elegans also identified 26 of the 302 neurons present in the adult
hermaphrodite as GABAergic (M'Tntire et ai, 1993, a, b). More interestingly,
they revealed that GABA may also play an excitatory as well as inhibitory
role at the synapses in C. elegans. Unlike C. elegans and Ascaris, little
information on GABA is known in other species although it has been
identified in similar locations in free living (Panagrellus redivivus) and plant
parasitic nematodes (Globodera rostochiensis and Meloidogyne incognita)
thus indicating a general distribution across these species (Stewart et ai,
1994).

GABA acts on muscle cells by hyperpolarising the membrane potentials via
the opening of Cf channels in a concentration dependant manner (Martin,
1980; Holden-Dye et ai, 1989), The activation of these GABA-gated CT
receptors results in the relaxation of the body muscles. These receptors are
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part of the inhibitory GABAergic input which regulates the excitation of
nematode muscle (Martin et al., 2001). This system has been exploited due to
the pharmacological differences in nematode and vertebrate GABA receptors
(Martin, 1987). GABA agonists like piperazine have recognised therapeutic
benefit due to their hyperpolarising of nematode muscle (Martin, 1982;
Martin, 1997) via increased CT conductance of muscle membranes.
Piperazine is not the only antagonist to act through the GABA receptor.
Avermectin also acts at least partially via a GABA - gated chloride channel as
a non competitive antagonist (Holden-Dye and Walker, 1990).

HYDROXYTRYPTAMINE (SEROTONIN 5-HT)

5-HT has been reported to play a significant role in nematodes in a range of
different motor activities which govern egg laying, feeding activity and male
mating behaviour (Segalat et al., 1995). 5-HT has been shown to cause the
production of stylet exudates from the h of the plant parasite M. incognita
(McClure and Von Mende, 1987) while also causing stylet thrusting in G.
rostochiensis (Rolfe and Perry, 2001) and Heterodera schachtii (Jonz et al.,
2001). It also caused the eversion of spicules and extrusion of materials from
the reproductive tract, thus playing a role in reproduction in H. schachtii (Jonz
et al., 2001).

In the free living nematode C. elegans 5-HT has been shown to induce
pharyngeal contractions (Horvitz et al., 1982), stimulate egg laying while
inhibiting locomotion and defecation (Horvitz et al., 1982; Avery and Horvitz,
1990; Segalat et al., 1995). In A. suum 5-HT is also highly prevalent in the
pharynx where it exerts an excitatory role in the enteric nervous system
(Brownlee et al., 1995b) while possibly playing a role in locomotion by
causing paralysis of the worm (Reinitz and Stretton, 1996). Trim et al. (2001)
and Walker et al., (2000) demonstrated that 5-HT inhibited ACh-induced
contractions of somatic body wall muscle strips (Table 1).
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GLUTAMATE (GLU)

Evidence for the presence of a glutamatergic signalling system can be found
in A. suum where injection of glutamate into whole worms produced paralysis
in quasi-static posture similar to the wave form seen in worms. This response
would suggest a role for glutamate as a transmitter in the motorneurone
regulation of locomotion (Davis and Stretton, 1996) through ahypodermal
GLU transporter (Davis, 1998). Glutamate also has a role as part of a Cf
channel within the pharyngeal muscle of Ascaris (Martin, 1996) although
these two responses are different. In Ascaris glutamate seems to fulfil an
inhibitory role, as in the case of pharyngeal muscle, where
electropharyngeogram experiments showed that when specific pharyngeal
neurons were laser ablated the M3 motomeurons were inhibitory controlling
the timing of pharyngeal relaxation through a glutamate-gated chloride
channel (Avery and Thomas, 1997) (Table 1). An excitatory role in the
somatic musculature has also been reported (Martin et ai, 1996).

The widespread expression of glutamate receptors in interneurones and
motorneurones in C. elegans would suggest that many of the sensory and
intemeuron’s are infact glutamatergic, and that glutamate may play a critical
role in locomotion, pharyngeal function and sensory processing within
nematodes (Brockie et al., 2001).
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DOPAMINE

This catecholamine has been identified as one of the most common biogenic
amines within nervous systems of both vertebrate and invertebrates via the use
of cytochemical techniques amongst others (Sharpe and Atkinson, 1980;
Walker, Brooks and Holden-Dye, 1996). There is also evidence for dopamine
within a number of nematode species with Sulston et al. (1975) reporting its
presence within sensory neurons of C. elegans (Table 1). Further evidence
suggests that dopamine modulates the pharyngeal muscle of A. suiim in an
inhibitory way (Brownlee et al., 1995a, 1995b).

OCTOPAMINE

This biogenic amine has been identified within a number of nematode species,
although its role as a neurotransmitter is unclear. Octopamine has been shown
to exhibit a number of responses within different systems like stimulating
movement and inhibiting egg laying in C. elegans (Horvitz et at., 1982) to
inhibiting actions within the pharynx of C. elegans (Rogers et al., 2001)
(Table 1). It has also been identified within the plant parasite H. schachtii
where it is believed to have an affect on the locomotion and chemoreceptive
pathways of the worm (Aumann and Hashem, 1993).

TYRAMINE

This is a catecholamine made from the conversion of the amino acid tyrosine
via a hydroxylation reaction. Tyramine is the biological precursor of
octopamine although both phenolamines are recognised as independent
neurotransmitters. This independent transmitter has been identified in the
nervous system of C. elegans by Alkema et al. (2005) were tyramine was
shown to play a specific role in the inhibition of egg laying, the modulation of
reversal behaviour and in touch responses of the head.
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TABLE 1: PHYSIOLOGICAL ACTION OF CLASSICAL
TRANSMITTERS ON NEMATODES

Transmitter

Distribution

Somatic
Musculature

Nervous
System

Pharyngeal
Musculature

Reproductive
Muscle

Excitatory

Excitatory

Inhibitory

No effect

Inhibitory

Inhibitory

Inhibitory

NA

Modulates ACh

Inhibitory

Stimulatory/
excitatory

Stimulatory; egg
laying

Modulatory

Excitatory

Inhibitory

NA

Modulatory

Inhibitory

Inhibitory

Inhibitory

NA

NA

Inhibitory

Inhibitory

Inhibitory

Excitatory motor
neurons:

ACh

Sensory neurons;
Amphids

GABA

Inhibitory
motomeurones
and intemeurones

5-HT

ENS-pharyngeal;
Neurons in male
tail and female
reproductive
system
Interneurones

Glutamate

M3 motor
neurons pharynx

Dopamine

Sensory neurons
in the female
reproductive
system

Tyramine

Neurones

Modulatory

Octopamine

Neurones

Modulatory

NA

Table adapted from Brownlee et al. (2000)
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NEUROMODULATORS

These are neuroactive molecules which are released from the presynaptic cleft
and can be split into two separate groups:-

NUCLEOSIDES and NUCLEOTIDES

Nucleosides are glycosylamines constructed from a ribose ring (five carbon
sugar) with an attached nucleobase (commonly a derivative of purine and
pyrimidine), which upon phosphorylation produce nucleotides. Nucleotides
are the building blocks of nucleic acid such as DNA and RNA but are also
important energy carrying compounds, most commonly ATP and NADP,
likely to play key roles in signal transduction.

NEUROPEPTIDES

Through a flurry of work around the later half of the 1980’s based largely
upon immunocytochemical techniques which involved the application of
antisera raised against a wide range of peptides, it was discovered that
nematodes possessed an extensive and diverse peptidergic component to their
nervous system (Wright and Perry, 1998). If this impressively varied peptidic
component was, as believed, to fulfill a role as a putative transmitter, then its
unequalled potential in terms of distribution and diversity dwarfed that of the
already established compliment of classical neurotransmitters (Maule et ai,
1996a). These neuropeptides were found to be very specific in terms of their
action, but tended to mediate their effects over a longer period of time at a
slower rate in comparison to classical transmitters whose action was believed
to be rapid and supportive of continuous signalling.

Neuropeptides are composed of chains of amino acids that can range from
between 4-20 residues in length (Nelson, 1998). This allows them to express
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a great diversity of messenger molecules where their prime function is
chemical signalling between cells fulfilling a transmitter modulatory role.
This role can be expressed as either an excitatory stimulation or inhibition of
key muscle groups either independently or as part of a complex signalling
system, neuromodulation and even a possible role in learning (Maule et al.,
1996a). Neuropeptides can be encoded by one or more genes with some
genes encoding multiple copies of different peptides. The peptides are
produced in the cell body of a neurosecretory cell or endocrine cell by
ribosomal protein synthesis. Like other peptides the neurotransmitters are
constructed when large pro-peptides are cleaved enzymatically into smaller
active peptides. The product is then packaged within the Golgi where upon
the vesicles are transported along the axon to the termini where their contents
are released via a process of excocytosis after stimulation from a signal
stimulus.

Neuropeptides have been shown to fulfil a transmitter/modulatory role within
both vertebrates and invertebrates within a wide range of invertebrate phyla
(Price and Greenberg, 1977; Nichols et al., 1995). These peptides are
considered common signalling molecules (Stretton et al 1992; Walker, 1992;
Brownlee et al., 1996) and as research continues it would be reasonable to
suggest that they may be present in all species throughout the phylum
Nematoda (Halton et al 1994; Brownlee et al., 1996; Maule et al., 2001).

FMRFAMIDE-RELATED PEPTIDES (FaRPs)

The FMRFamide-like peptides (FaRPs) comprises the largest known
neuropeptide group within invertebrates (Maule et al., 1996a). This family
shares the classic Phe-Met-Arg-Phe NFL C-terminal motif which more
recently has been altered to incorporate a more realistic designation which
employs a C-terminal tetra-peptide comprising either 1) aromatichydrophobic, 2) aromatic-variable or, 3) variable hydrophobic dipeptide
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immediately prior to the Arg-Phe-NH2 C terminus (McVeigh et al., 2005).
FMRF amide was originally isolated from the venus clam, Macrocallista
nimbosa where it fulfilled a cardio excitatory role (Price and Greenberg,
1977). FaRPs are now one of the most widely studied regulatory peptides
within invertebrates and to date are believed to be the most abundant and
diverse peptide family known (Maule et al., 1996a, b,c). To date, the tally of
known nematode FaRP neuropeptides stands at nearly 90 from a total of 33 flp
genes (McVeigh et al., 2005). More importantly though, preliminary
biological assessment has been carried out on a limited number of these
peptides employing biological assays such as muscle tension and
electrophysiological recordings on Ascaris body wall muscle (Cowden,
Stretton and Davis, 1989; Stretton et al., 1992; Cowden and Stretton, 1993).

Immunocytochemical screening of a wide range of invertebrate species
including nematodes using antisera raised against FMRFamide revealed FaRP
highlighted immunopositive neurons throughout the nervous system.
Nematode species exhibiting FaRP-immunoreactivity included A. suum
(Davenport et al., 1988; Sithogrongul et al., 1990; Cowden and Stretton,
1993; Brownlee et al., 1993a, 1993b; Fellowes et al., 1999), C. elegans
(Atkinson et al., 1988; Schinkmann and Li, 1992), Heterodera glycines
(Atkinson et al., 1988) and Globodera pallida (Kimber et al., 2001).

Much of the information available relating to the nervous system is from the
model parasites such as A. suum the large intestinal pig nematode, this worm
was reported to have over 75% of its nervous system, including all its major
neural classes as being FaRPergic (Maule, 2001) A similar pattern was
observed in other model nematodes like C. elegans, however, the extent of
distribution is slightly smaller (50%), although motor inter and sensory
neurones still stained (Li et al., 1999a). Caution must be exercised in the
validity of such immunocytochemical studies in ascertaining the numbers of
different FaRPs present within a given neurone. However, the sheer
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widespread localisation of FaRP immunoreactivity throughout the nervous
system of various nematodes must point to some significance of the peptide
family within nematode neurotransmission.

Indeed such is the similarity between the regions indicating the presence of
FaRP, namely the nerve ring, ganglia, cephalic nerves, amphid, longitudinal
nerve cords and vulval neurones, throughout the majority of species observed
from parasitic and free living nematodes that it is fair to say that FaRPs play
an important if not essential part across the whole nematode phyla in
procedures as diverse as feeding (Brownlee et a/., 1995a), locomotion (Davis
and Stretton, 1996) and egg laying (Jonz et al., 2001).

A. SUUM- FaRPs

The first nematode FaRP to be purified and unequivocally sequenced was
KNEFIRFamide by Cowden et al., (1989) from A. suum and was designated
AF1 for Ascaris FaRP 1. Following this a further 20 Ascaris FaRPs or AF
peptides were successfully isolated (Cowden and Stretton, 1995; Edison et al.,
1997; Davis and Stretton, 1996, 2001) (See Table 2).

C. ELEGANS FaRPs
-

This model free-living nematode provides the ideal candidate for the study of
FaRPs due to the amount of information already gathered on the nematode’s
nervous system as a result of the work by White et al. (1986). This study
provided a neuronal map and aided in understanding the FaRPergic
distribution in neurons, following immunocytochemical screening. The
resulting immunocytochemistry showed that some 50% of the known
compliment of 300 neurones were FaRP immunopositive (Li et al., 1999a/b;
Maule, 2001), only slighty lower than A. suum. However, the completion of
the C. elegans genome sequencing project facilitated the identification of
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endogenous /7p genes which currently stands at 28 ///? genes encoding over 60
neuropeptides (McVeigh et ai, 2005). This indicates a great diversity in the
number of neuropeptides expressed within this neronal network and would
suggest that the endogenous peptide signalling system is highly developed,
and may play a central role in the worm’s behaviour. This would then open
up new and exciting possibilities of novel sites of control with the
development of new anthelmintics targeting these neuropeptides and/or their
receptors.

OTHER NEMATODE - FaRPs

FMRFamide neuropeptides continue to be identified in more nematode
species thus strengthening the case for their distribution right across the phyla.
Examples of additional peptides structurally characterised from other
nematode species include, the free living nematode Panagrellus redivivus
(Geary et ai, 1992; Maule et ai, 1994a/b) (Table 2) and the sheep
gastrointestinal parasite Haemonchus contortus (Keating et ai, 1995) (Table
2) with 5 peptides and 3 peptides identified respectively. FMRF amide
neuropeptides have also been localised in the nervous system of the plant
parasitic nematodes H. glycines, and potato cyst nematodes G. pallida and G.
rostochiensis. These economically important cyst nematodes have been
shown to express immunoreactivity in the CN system, perianal nerve ring as
well as the pharynx and sensory structures. Furthermore, four genes have
been identified within G. pallida which express FMRFamide neuropeptide,
and these have been localised in both anterior and posterior regions of the
worm and are believed to be expressed within all classes of neurones (Kimber
et ai, 2002).
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TABLE 2: STRUCTURALLY CHARACTERISED FaRP SEQUENCES
Species Peptide

Amino acid
sequence*

Species

Peptide

A.
suum

KNEFIRFa
KHEYLRFa
AVPGVLRFa
GDVPGVLRFa
SGKTFIRFa
FIRFa
AGPRFIRFa
KSAYMRFa
GLGPRPLRFa
GFGDEMSMPGVLRFa
SDIGISEPNFLRFa
FGDEMSMPGVLRFa
SDMPGVLRFa
SMPGVLRFa
AQTVFVRFa
ILMRFa
FDRDFMHFa
XXXPNFLRFa
AEGLSSPLIRFa
GMPGVLRFa

C.
elegans

CF1
CF2
CF3
CF4
CF5
CF6
CF7
CF8
CF9
CF10
CF11
CF12
CF13
CF14

SDPNFLRFa
SADPNFLRFa
SQPNFLRFa
ASGDPNFLRFa
AAADPNFLRFa
(K)PNFLRFa
AGSDPNFLRFa
KHEYLRFa
APEASPFIRFa
KSAYMRFa
KPSFVRFa
KNEFIRFa
RNKFEFIRFa
HFYNFSSESRKPNFLRFa
KPXPXFIRFa
AADGAPLIRFa
SVPGVLRFa

PF1
PF2
PF3
PF4
PF5

SDPNFLRFa
SADPNFLRFa
KSAYMRFa
KPNFIRFa
KHEYLRFa

Ref.
1-6

AF1
AF2
AF3
AF4
AF5
AF6
AF7
AF8
AF9
AF10
AF11
AF12
AF13
AF14
AF15
AF16
AF17
AF18
AF19
AF20

H.
HF1
contortus HF2
HF3
Ref.
7-10

Ref.
11-20

KHEYLFRFa P.
KSAYMRFa redivivus
LQPNFLRFa
Ref.
21-24

Amino acid sequence*

___ *____
** single letter notation for amino acids
a, amide group
references (Ref.)
(1-2) Cowden and Stretton, 1993, 1995
(3-4) Maule etai, 1994a, 1995a
(5) Davis and Stretton, 1996
(6) Edison et at., 1997

(11-12) Rosoff et ai, 1992, 1993
(13-16) Marks etai, 1995, 1997,
1998, 1999b
(17) Davis and Stretton, 1996
(18) Nelson etai, 1998
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(19-20) Li etai, 1999a, 1999b
(7) Keating et ai, 1995
(8-9) Marks et ai, 1999b,
unpublished observation
(10) Geary et ai, 1999

(21) Geary et al., 1992
(22-24) Maule et ai, 1994a,
1994b,1995b

TABLE 3: COMPARISON OF GLOBODERA PALLIDA AND
CAENORHABDITIS ELEGANS FMRF AMIDE-LIKE PEPTIDE
(FLP) ENCODING GENES
Globodera pallida (a)
Caenorhabditis elegans (b)
PEPTIDE
SEQUENCE
SDPNFLRF
TSSNFLRF
SSASMSTSSEPNFLRF
GGVDPTFLRF
ANNNFLRF
QANPNFLRF

GENE
NAME
gR/7H

4 x KSAYMRF

gR/^-6

PEPTIDE SEQUENCE

GENE
NAME

2 x SADPNFLRFG flp-\
SQPNFLRFG
ASGDPNFLRFG
SPPNFLRFG
2 x AAADPNFLRFG
PNFLRFG
AGSDPNFLRFG
6 x KSAYMRFG flp-6

KNKFEFIRF

gp///>12

RNKFEFIRFG flp-n

2 x KHEYLRF

gp/Zp-14

4 x KHEYLRFG Jlp-U

DEFVAPGVLRF
MPGVLRF
AVPGVLRF
AEVPGVLRF
MPQVLRF

gp/Tp-18

EMPGVLRFG flp-n
SVPGVLRFG
EIPGVLRFG
SEVPGVLRFG
DVPGVLRFG

(a) after Kimber et ai, 2001

(b) after Li et ai, 1999b
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FaRP ENCODING GENES

In common with other peptides FaRPs are encoded on genes in the form of
large precursor molecules which undergo translation/transcription to produce
a large polypeptide precursor known as a pre-pro protein. This can contain
several copies of individual peptides which are cleaved enzymatically to
produce the active form of the peptide. In a single organism multiple genes
may encode different classes of FaRP as in the case of Drosophila. Here at
least 3 FaRP related genes have been found encoding up to nine distinct
FaRPs (Nichols, 1992). This multiple peptide encoding pattern is also
witnessed within the phylum Nematoda where in C. elegans 28 flp genes have
been identified to date encoding over 60 FLP (McVeigh et al., 2005). This
gene family named after the FMRFamide-like-peptide nomenclature has had
the genes numbered in a chronological order by Li et al., (1999a, 1999b) with
most of the /lps sharing a common C-terminal sequence Arg-Phe-NH2.
Within this family of peptides there are also a number of sub-families with Cterminal sequences like FLRFamide, YLRFamide and FIRFamide (Edison et
al., 1997).

Since C. elegans was established as a model for studying neuropeptides it is
not surprising that the first isolated peptide genes should belong to C. elegans.
This gene designated flp 1 by its discovers (Roscoff et al., 1992) encodes
seven distinct FaRPs, six of which were subsequently biochemically
characterised (Roscoff et al., 1993). A further 22 genes encoding FaRPs have
been identified in C. elegans (Nelson et al., 1998; Li et al., 1999a, 1999b).

This extensive display of known genes however is not as extensive in the
other well studied nematodes, 6 FaRP encoding genes having been identified
from A suum to date (Edison et al., 1997; McVeigh, Marks and Maule
unpublished data). The first identified was afp-\ (Edison et al., 1997) and this
gene like that of Drosophila and C. elegans encodes multiple FaRPs, in this
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case 6 peptides of which all possess a C-terminal PGVLRFamide signature
and a unique end terminal sequence. A similar situation has been reported by
the identification of 5 flp genes from the plant parasite G. pallida (Kimber et
al., 2001) which encode 14 distinct peptides. In spite of the increasing
number of///? genes being identified, only one, ///? 1 from C. elegans, has been
characterised at the functional level. Nematodes missing this gene show
abnormal behaviour including uncoordinated and hyper activity (Nelson et al.,
1998).

As impressive as this information is it is important to remember that the flp
gene family and all its sub-branches only represent one neuropeptide gene
family within these nematodes. With the completion of the C. elegans
genome sequencing project the opportunity to discover other neuropeptide
genes has been realised with identification of 32 non-flp putative neuropeptide
genes expressed primarily within the neurones of C. elegans. These genes
encode an enormous battery of neuropeptides with an impressive total of 151
total putative neuropeptides, 134 of which are believed to be unique (Nathoo
et al., 2001).

If this knowledge of nucleic acid sequences of FaRP-encoding genes along
with their expression within the nervous systems of their respective nematodes
is to be manipulated then the targets for these neuropeptide modulators (the
receptors) must be identified and screened for their potency. However, this in
itself provides yet another hurdle for any potentially new chemotherapeutic
control due to the lack of information on any such receptor sites. Currently
two types of FaRP receptor have been identified in molluscs, a) ligand-gated
channels (Lingueglia et al., 1995) and b) G-protein coupled receptors (Tensen
et al., 1998). Nematode flp receptor identification is now starting to unfold as
the first receptors in C. elegans have been published namely the NPR 1 which
is a G-protein coupled receptor (McVeigh et al., 2005) which acts through a
secondary messenger system.
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CONTROL OF NEMATODES

Nematodes of all orders have adapted and evolved in tandem with thennatural environments making them capable of exploiting their niche to its
maximum potential. This does not result in a detrimental effect to that
environmental niche in the majority of nematode species, in fact the role that
many nematodes play is essential and beneficial to the environment they
inhabit. The conflict with humans arises when nematodes parasitize a
particular resource either of economic importance or humanitarian value. It
proves difficult in solving such parasitic problems when those nematodes in
question are highly evolved, specialised parasites. Whether it is a veterinary
or plant parasite, the quest to control these pests proves ever elusive as these
“simple” organisms continue to reveal the diversity that has allowed them to
become the most abundant animal phylum on this planet.

CONTROL OF VETERINARY PARASITES

The control of veterinary parasites encompasses not only control of parasitic
species in animals of economical and agricultural significance i.e. those
species exploited for human consumption but also includes the domesticated
animals - pets. The burden of parasitism on these economically important
animal species is substantial and as a result huge efforts are made to control
parasitic infection primarily through the administration of drugs (Day and
Maule, 1999). This chemotherapeutic approach involves the use of
anthelmintics which exploit the significant differences between the
neuromuscular systems of vertebrates and nematodes at the molecular level
(Day and Maule, 1999). These drugs are split into two main categories with
one targeting biochemical sites and those that act on membrane ion channels
(Martin, Robertson and Bjorn, 1997). Irrespective of which type is used the
result required is the interference to any essential life processes and includes
the drugs benzimidazole derivatives, avermectins, levamisoles and piperazine.
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THE CONTROL OF PLANT PARASITES

From the outset the control of veterinary parasites, while providing many
difficulties and challenges, is substantially more straight forward than that
involved in the regulation of plant parasites. The influence that environmental
conditions have on any successful nematode control strategy greatly reduces
the efficiency of any single technique employed, thus explaining the
increased complexity of controlling plant parasitism by nematodes.

The majority of plant parasitic nematodes are root feeders, with a few
endoparasitic nematodes having the ability to reduce its productivity, which in
most cases hundreds of ecto-parasitic nematodes could feed on without
detrimental affect (URL/attar.ncat.org/attar-pub/nematode.html). The
problem of crop losses as a result of parasite infection and disease will not be
solved easily, especially considering today’s agricultural practices of growing
monoculture crops on the same land which encourages the incidence of such
problems (URL/attar.ncat.org/attar-pub/nematode.html).

The essence of plant parasitic control, and where it differs from that of
veterinary parasitism, is the prevention of nematode entry into the host. This
is because once the plant has been parasitized it is difficult to kill the worm
without destroying the host. Therefore, plant parasites are most vulnerable to
control as juveniles actively seeking their host and control strategies will
integrate a number of practical techniques. These will incorporate the
maintenance of a healthy soil environment the best for supporting a wide
variety of antagonistic organisms, which may help in regulating nematode
populations.

It has been estimated that worldwide the economic loss caused by plant
nematodes is in the order of $100 billion each year (Sasser and Freckman,
1987) and it could be assumed that this number has risen due to the increased
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demand on agricultural production due to an ever increasing world population.
The incidence of PCN is widespread throughout Europe where G. pallida and
G. rostochiensis together are believed to cost the European potato production
market £200 million per year (URL/sygenta-crop.co.uk/). Within the UK the
prevalence of PCN is evident with a staggering 60% of potato land cropped
being infested with these nematodes resulting in a direct annual loss to the UK
industry of 9% of their crop value, around £43 million (URL/sygentacrop. co.uk/).

PREVENTING SPREAD

The common sense approach is often over looked but remains probably the
most effective deterrent against parasitism. By simply using certified planting
materials, cleaning equipment between fields, eliminating weed hosts and the
use of composted manure to ensure all nematodes are killed the cultivator can
reduce the risk of contamination of nematode free soil.

CHEMICAL CONTROL

These include the chemical compounds which can be divided into two sub
groups: 1) Non Fumigant Groups

2) Fumigant Groups

NON FUMIGANT NEMATICIDES

These granular nematicides include carbamates and organophosphates and are
incorporated into the soil immediately prior to crop planting. More correctly
known as nematistats these chemicals do not necessarily kill the juvenile
worms but disrupt their metabolism, feeding and movement
(URL/Scotland.gov.uk/consultations/agriculture/PCN_Technical_Paper_Scotl
and_SEERAD.pdf). These compounds are cholinesterase inhibitors and their
effectiveness depends upon environmental conditions and application
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methods. The drawbacks of these chemicals are their decomposition in the
soil over time, plus reducing effectiveness on late hatch juveniles and their
non specificity of target attack.

ORGANOPHOSPHATES

A number of chemicals including fensulphothion, thionazin, fenamiphos,
disulphoton, diazinon, terbufos, ethoprophus and fosthietan have shown that
they can completely control or partially control G. rostochiensis (Whitehead
and Turner, 1998). The compounds themselves are lipophilic and as a result
require rigorous mixing within the soil, consequently being decomposed in
very organic soils. Also they are known as cumulative poisons and are
avoided where possible in PCN control (Atkinson, 2002).

CARBAMATES

These granular nematistats are also incorporated into the soil and show similar
effectiveness to the organophosphates. These compounds are hydrophilic
meaning that they can work effectively in a wide range of soils, including
organic soils (Whitehead and Turner, 1998). These oxime N-methyl
carbamates include the chemicals aldicarb and oxamyl.

FUMIGANT NEMATICIDES

As the name suggests, fumigant nematicides are used to fumigate the soil and
are applied in a liquid form anytime during rotation of the crops but only work
effectively under an air tight seal. Thus the nematicides must be covered with
a gas tight polyethylene sheet causing considerable expense to the cultivator.
The most effective of these fumigants was methyl bromide (URL/
scotland.gov.uk/consultations/agriculture/PCN_Technical_Paper_Scotland_S
EERAD.pdf) which was a broad spectrum biocide (Gannalou et al., 2002);
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however when it was discovered that this chemical was damaging the ozone
layer a world wide ban was initiated (Whitehead and Turner, 1998). On top of
this the threat of gas poisoning to the farmer forced developed countries to
phase out its use by 2005 (Danse et al., 1984; UNEP, 1992; McHenry et al.,
1994; Calvert eta/., 1998).

Another fumigant is Telone II (1,3 dichloropropene) again used in conjunction
with a polyethylene sheet to prevent the escape of the gases ensuring a higher
percentage kill in the upper layers of the soil (Whitehead et al., 1979). This
compound however has a very narrow parameter for working effectively
depending upon the environmental conditions thus limiting its effectiveness.
This can be increased by the application of the fumigant before and after
ploughing thus ensuring a higher kill of nematodes in the surface layers of the
soil (Lear et al., 1952).

Again like the non-fumigant nematicists these chemical compounds are
acknowledged as being deleterious for the local ecosystems in which they are
used as well as to the general environment. They also lack any specificity in
the target species they kill, and their ineffectiveness at controlling parasite
populations on their own has raised questions over our reliance on them.
These potentially hazardous chemicals of both man and environment in
manufacture and application are now under scrutiny as the population
becomes more environmentally aware (Gustafson, 1993; Argow, 1992;
Atkinson etal., 1998).

NON CHEMICAL METHODS

There are many alternative approaches to nematode control which are more
environmentally friendly than the use of chemical compounds. However like
the nematicides and nematistats these control methods only prove effective
when incorporated with a number of different techniques, possibly include
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chemical and non chemical for ultimate control. Also the use of some of these
alternative control methods requires the knowledge of which species are
presently infecting the soil in order to maximise their efficiency. All of the
techniques mentioned require specialised expertise in their use so as to
achieve optimum efficiency and in some cases to prevent the reverse, i.e.
increasing environmental conditions favourable for the pest.

CROP ROTATION

Crop rotation can be an important factor in reducing the effect of PPN by
lowering the population densities of the species present in the absence of
suitable host crops. Its efficiency is greatly affected by the duration of which
a suitable host crop is absent, the greater the length of time the more the
parasitic nematode population will decline. This is due to natural hatch and
predation provided that the host species have been identified allowing nonrelated crop species to be successfully rotated and the soil is kept free of
weeds which would harbour such parasites. Annual rates of decline have been
established at 10-25% for G. pallida and 30-40% for G. rostochiensis using
such techniques (URL/sygenta-crop.co.uk/).

COVER CROPS

Cover crops are crops which can be planted during rotations and subsequently
ploughed/disced into the ground and upon degradation within the soil release
allelochemicals. These compounds have been identified as exhibiting
nematode suppressive characteristics equivalent to aldicarb (Grossman, 1990)
and as such can be used to the same effect. One such example is the family
Brassicas (e.g. rapeseed and mustard) whose “mustard effect” is triggered by
its decomposing residues releasing nematicidal compounds which suppress
the nematodes (Falney, Zakamann and Tahaly, 2001). There are also a
number of plant species which produce oils which can be used as direct
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nematicides once harvested i.e. caraway, fennel and applemint or others
whose seeds can be crushed and incorporated into organic fertilizers i.e.
Neem. Interestingly the use of Neem was shown to be less detrimental to the
beneficial free-living soil organisms while remaining toxic to plant parasitic
nematodes (Riga and Lazarouits, 2001).

TRAP CROPPING

This involves the sacrifice of a host crop on infested land to stimulate
nematode hatch and infection of the roots. The crop is then lifted early to
prevent nematode reproduction and destroyed thus reducing the nematode
population. Although this technique has been shown to be effective, it is
expense and lack of expertise in execution has hindered its success as a
practical method of control (URL/attar.ncat.org/attar-pub/nematode.html).

PLANT RESITANCE AND TOLERANCE

The use of crops that show either a resistance or a tolerance to a specific
parasitic threat is also an option. The resistant potato crops are those that
express a genetic characteristic that prevents the formation of the female
feeding site in the roots, thus reducing reproduction while a partially resistant
species is that which reduces the rate of reproduction of the parasite (Dale and
de Scurrah, 1998). Such species include the cultivars Maris Piper, Admiral
and Cultra; however, many variants are not economically viable due to their
low market acceptability.

Tolerance on the other hand is the ability of a variety to yield well in the
presence of a high PCN population without suffering undue damage or result
in economic loss. There are varying degrees of tolerance across species and
this is due in part to the location and method of growth and unlike resistant
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varieties tolerance does not reduce population densities (Dale and de Scurrah,
1998).

The use of these cultivars, however, must also be incorporated with those
susceptible cultivars in a yearly rotation system to preserve the
resistance/tolerance these cultivars express. If not, the continuous selective
pressure upon the nematodes may cause an increase in the “counter-resistant”
biotypes (virulent) within the population (Dale and de Scurrah, 1998).

GENETICALLY MODIFIED ORGANISMS (GMO)

The use of genetically modified crops has been a highly charged subject
which in general still maintains a negative stigma. The fear of the unknown is
brought about through a widespread lack of understanding on behalf of the
general public as to the mechanism that constitutes the genetic manipulation
of a target species. This ignorance is further flamed by media hysteria
surrounding the topic of GM crops. However, partial blame for the negative
publicity must also be laid at the feet of the scientists involved who are not
pro-active enough in explaining the technology.

While the ethics of GMO can be debated either way there are clear benefits
from such processes like pig insulin used in control of Diabetes and the
production of food and commercial crops carrying herbicide tolerance or pestresistance transgenes (James, 1998). Such agricultural and industrial
advances could have huge beneficial consequences both humanitarian and
economic especially in developing countries where GM crops could
contribute significantly to their development (Atkinson et al., 2001).

The use of transgenic resistance in potato crops could be a possible method of
control against nematode infection offering a simple, cost effective and
environmentally acceptable alternative to those already in practice. One
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possible method being the use of RNAi (interference) within a host crop in an
attempt to silence selective parasite genes within the infective nematode.
Although the methodology of RNAi is not fully understood, it is believed that
the occurrence of double stranded (ds)RNA within a cell promotes the
sequence specific RNA degradation of complementary endogenous mRNA.
This action results in the silencing a specific gene and therefore interferes with
the functioning of the gene involved. The uptake of dsRNA into nematodes
has been achieved using a number of techniques, including micro-injection
(Fire et ai, 1998) ingestion during feeding (Timmons and Fire, 1998; Urwin
et ai, 2002) and soaking of the worms in dsRNA (Tabara et ai, 1998). Work
by Smalheiser et al. (2001) showed that only a small number of (ds)RNA are
required to trigger RNAi, resulting in the destruction of the endogenous
mRNA. The development of dsRNA to interfere with gene expression at the
mRNA level utilizing RNAi is an exciting novel tool for understanding gene
function. The successful uptake of (ds)RNA through the digestive system of
two cyst nematode juveniles Heterodera glycines and Globodera pallida has
already been shown (Urwin et ai, 2002). If the potential of RNAi technology
at silencing gene expression is harnessed it is possible that it may provide an
effective means of nematode control.

BIOCONTROLS

Biocontrol agents have been examined in terms of regulating nematode
populations and a number of different approaches have been shown to be
potentially effective. A number of microbial pathogens are effective against
nematodes including the bacteria Enterococcus faecium (Moy et ai, 2004)
while nematicidal fungi include a number of species e.g. Trichodera
harzianum (Siddiqui and Shaukat, 2004). Parasitic fungi have also been
screened as a potential controlling agents with the species Paecilomyces
lilacinus (Gautam et ai, 1995) and Pochonia chlamydosporia (Viaene and
Abawi, 2000) showing most potential. However, high populations of
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nematodes would be required to sustain these and this is not associated with
successful crop production. The use of predatory nematodes and mites have
also been suggested as potential regulators of root parasitic nematode
populations.

However, the success of any of these biocontrol agents in the field, with
varying environmental conditions and management strategies, still raises a lot
of doubts over their practical application. In the successful management of
crop production the maintenance of soil quality should be of the highest
requirement. This would include good organic content and minimal
disruption providing a balanced and stable soil ecosystem that would support
the existence of nematode antagonist organisms.

SOLARISATION

Solarisation is a technique that basically traps the heat of the sun via the use of
plastic laid over the soil in an attempt to raise the soil temperature, effectively
pasteurising the soil from nematodes. This method, however, is expensive
economically and in terms of time, thus limiting its use to specific high valued
crops.

FLOODING

In certain areas of the world where topography and resources permit soil can
be flooded for several months effectively lowering nematode populations by
reducing soil oxygen levels. However, its use is highly restricted and
extremely specialised, water being the transport medium for worms
(URL/attar .org/attar-pub/nematode .html).
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DEVELOPING RESISTANCE

Developing resistance to anthelmintics is now being seen within the veterinary
parasitic world (Geerts and Gryseels, 2002; Kaminsky, 2003; Kaplan, 2004)
and a lack of specific, effective and environmentally acceptable means of
control for plant parasitic nematodes means there is still a real and present
threat from nematode parasitism. This threat will only be overcome by
continued investigation of the neuromuscular system of these parasites in an
attempt to better identify what it is that allows these worms to function
effectively. Further genetic analysis will provide more information on how
this resilient phylum can adapt to our forced environmental changes.
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AIMS

The aim of this study was the examination of the ultrastructure and
specifically the neuromusculature of the anterior region of the potato cyst
nematode Globodera pallida, with emphasis on the feeding apparatus.
Particular importance was placed on the possible role that FaRPs might play
within the neuronal network involved with the innervation of specific aspects
of the digestive system. This work was undertaken via the use of the electron
microscope in conjunction with electron-immunocytochemistry (EICC)
combined with the Confocal Scanning Laser Microscope (CSLM) in relation
to immunocytochemistry and in situ hybridisation within the areas of interest.
The aims in detail are

Aim 1:

Investigation at the ultrastructural level of the anterior region of G.

pallida concentrating on the components of the feeding apparatus.
Comparisons will be made with other species.

Aim 2:

Investigation at the ultrastructural level of the neuromuscular

arrangement of the feeding apparatus with the intent of identifying and
localising the distribution of FaRPs within the neuronal network using EICC.

Aim 3:

The comparison at both the light and ultrastructural levels of the

localisation and distribution of two classical neurotransmitters within the
anterior region of G. pallida with specific emphasis on its relationship with
FaRPergic nerves associated with the feeding apparatus. Also the localisation
and expression of 4 flp genes already identified within G. pallida using the
CLSM.
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Chapter 2
Globodera pallida: The ultrastructural
morphology and organisation of the feeding
apparatus of a potato cyst nematode
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Abstract

The ultrastructure of the feeding apparatus of the potato cyst nematode
Globndera pallida, shows many similarities to other nematodes of the order
Tylenchida. This endoparasite posseses a robust, hollow stylet with protractor
muscle cell bodies located within the anterior procorpus. Within the
procorpus region of the pharynx the metacorpal bulb is connected to the stylet
while the most anterior region of the procorpus contains the swollen end of
the dorsal extension, the dorsal ampulla. This ampulla acts as a reservoir for
the products of the dorsal gland, which are channelled and released into the
food canal, a process regulated by a tetra-radiate valve. Posterior to the
procorpus is the metacorpal bulb a bulbous structure encapsulating the pump
chamber. Large beds of radiating muscles extend from the cuticle-lined pump
chamber between which the dorsal extension moves in an anterior direction,
while the sub ventral extensions terminate forming paired ampullae. These
paired ampullae are located in the posterior region of the metacorpal bulb and
serve as reservoirs for the products of the sub ventral glands. The release of
these products from the paired ampullae of the sub ventral glands is regulated
by tetra-radiate valves. These valves are connected by a membranous
vestibule to the posterior of the pump chamber. The glandular extensions of
the dorsal and paired sub ventral glands connect the sites of production of the
membrane bound secretory proteins to their respective ampulla.
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Introduction
The potato cyst nematode (PCN), Globodera pallida, belongs to the order
Tylenchida, which comprises plant parasitic nematodes that generally feed
upon their target species below ground i.e. the root systems. Within this order
of parasites are found some of the most highly specialised and host specific
feeding systems established, not only within plant parasitism but across the
phylum Nematoda. The anatomy of these worms has adapted in such a
specialised manner as to allow the successful colonisation of their host-range
and indicates the intrinsic relationship between host plant evolution and that
of the nematode.

Worms belonging to the cyst and root-knot nematode groups epitomise this
complex relationship between host and parasite and it is indeed these worms
that are the most economically devastating plant parasites globally. Worms
such as the soybean cyst nematode (Heterodera glycines), and the root-knot
nematode (Meloidogyne incognita) have been studied extensively and the
anatomy of their feeding apparatus mapped (Baldwin, 1973; Baldwin and
Hirschmann, 1976; Endo, 1983) as well as other aspects of their biology i.e.
the amphids. Many other plant parasitic nematodes within the order
Tylenchida have also had their anatomy studied (Chen and Wen, 1972; Byers
and Anderson, 1972; Shepherd and Clark, 1976) and they share a similar
morphology of feeding apparatus to that of the cyst and root-knot nematodes.

The feeding apparatus of these nematodes comprises a protrusable stylet of
varying lengths and diameters depending on the species and requirements
during feeding. Species belonging to the order Tylenchida, including PCN,
posses a three part stylet consisting of the cone, shaft and posterior part
(Hirschmann, 1983). The stylet is a hollow structure with its orifice located
ventrally at its most anterior end with three knobs located at the posterior to
which large protractor muscles are anchored. Two other stylet structures
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exist, both of which are comprised of two components mstead of three and
including the odontostylet (Bird and Bird, 1991) found in plant parasite
species of the order Dorylaimida and the onchiostyle consisting of a solid
curved stylet or spear (Robertson and Wyss, 1983) within the order
Triplonchida. The region immediately below the stylet incorporates the
pharynx which can be divided into two sections, the non muscular procorpus
directly beneath the stylet, and the muscular metacorpus posterior to the
former.

This non muscular procorpus region simply connects the lower section of the
pharynx to the stylet allowing the continuation of the food canal and glandular
extensions. However, within the muscular metacorpus is found a bulbous
structure known as the metacorpal bulb. This comprises the pump chamber
and is the engine room of the digestive system. It is radial muscles are
responsible for dilating and constricting the chamber where the food canal
(oesophagus) has a tri-radiate structure as opposed to its circular cross-section
within the rest of the digestive system. It is this chamber which is responsible
for the expulsion of secretory enzymes and the reciprocal uptake of feed cell
produce.

Posterior to the metacorpus section of the pharynx lies the non muscular
glandular region. This is composed of three large secretory cells, one dorsal
and two sub ventral which are connected to the rest of the pharynx by their
glandular extensions. These cells are responsible for the production of
membrane bound secretory granules, which are transported via the glandular
extensions to their respective valves that regulate their release into the food
canal. The dorsal secretions enter just posterior to the stylet base and the two
sub ventral gland secretions being released into the food canal posterior to the
pump chamber of the metacorpal bulb.
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Cyst nematodes parasitize a number of species within the family of
solanaeceous plants including tomatoes; however, it is the action of the potato
favouring species G. pallida and Globodera rostochiensis which causes the
most economic damage. G. pallida is a small nematode that reaches its
maximum length of 1 millimetre on moult to adulthood. The infective J2 stage
can be as small as 400-500pm and it is these juveniles which actively
penetrate the roots of the potato plant using their robust stylet and the action
of secretory enzymes. Upon entry, the worm migrates intracellularly to the
cortical region where upon it establishes a feeding syncitium around its head,
consisting of a large nurse cell constructed of several cells. Again the stylet
and secretory enzymes play an active role and are responsible for the
establishment and maintenance of this syncytium. It is here that the juvenile
will develop into an adult, their sexual development determined amongst other
factors by the productivity of the feeding site.

The results of this aggressive invasion and establishment of an efficient
feeding site has numerous repercussions on the potato plant. As well as the
primary reduction in crop productivity with a reduced yield of tubers, the
plants have reduced root formation being stunted and heavily branched, as
well as smaller shoots. This causes drought stress of the potato plant and
nutrient deficiency due to the reduced water uptake of the roots. They are also
very prone to infection from pathogenic bacteria and fungi as a result of the
entry wound left by the juvenile. As a result, the economic burden of soil
infested with these parasitic nematodes is substantial and with no universally
efficient means of control available this warrants further investigation of the
worm in an attempt to identify novel means of control.

Although substantial work has already been carried out on worms within the
genera Globodera (Robertson, Robertson and Jones, 1999; Rolfe and Perry,
2001) and Hetewdera (Endo, 1980; 1984) in regards to many aspects of the
worm’s biology including digestion, this study is intended to be the
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foundation for further work on G. pallida, the aim being comparison of the
digestive system to that seen in other cyst nematodes to advance our
understanding of its biology and to help identify target sites for novel control
strategies.
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Materials and Methods
Cysts Hatching
Second stage larvae of Globodera pallida were hatched using potato root
diffusate (PRD) produced by rinsing water through soil containing growing
potato plants. This hatching medium was diluted 1:1 in water upon exposure
to the cysts. Cysts were soaked in water over night before being bathed in the
PRD at room temperature in the dark, with air constantly being pumped
through the diffusate. Worms start hatching after 7-10 days with this
continuing for up to 4 weeks.

Transmission electron-microscopy
Freshly excysted juveniles were examined and collected under a binocular
microscope and fixed in 2% double distilled glutaraldehyde containing 2%
paraformaldehyde in 0.1 M sodium cacodylate buffer (3% sucrose, pH 7.2) at
22°C, for 50 min. The juveniles were washed in 0.1 M sodium cacodylate
buffer (pH 7.2) overnight and dehydrated in a graded alcohol series from 70%
to absolute alcohol then infiltrated in LR White resin. At this stage the
anterior region of the worm was removed using a scalpel and infiltrated in
resin at 30 °C with the resin being changed every 30 min for three hours. The
tissue was then left in fresh resin overnight at room temperature with a further
two changes of fresh resin during a one hour period the following morning.
The final embedding and polymerisation involved placing the anterior regions
of PCN into gelatine capsules containing fresh resin using a syringe needle
with a bent tip. The capsules were then sealed airtight with their lids to
exclude oxygen from the final step and placed in an oven at 60°C for 22 h.
Ultrathin sections, 70-80 nm in thickness, were cut on a Reichert Ultracut E
ultramicrotome and mounted on formvar coated 200-mesh nickel grids and
viewed in a PEI CM 100 TEM operating at lOOkeV.
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Results
The anterior region of PCN (Fig. 2.1) consists mainly of the feeding apparatus
of the nematode. At the anterior end of the worm is an opening in the cuticle,
the stoma through which the stylet protrudes during feeding. Just below this
is the cephalic framework which houses sensory structures and guides the
stylet during movement. At the base of this framework the anterior end of the
stylet protractor muscles are attached. These are the large muscle beds used to
move the stylet and they are anchored to the lobed base of the stylet itself.
The stylet is the large syringe like structure which lies between these dense
muscle structures. Below the stylet base is the non muscular procorpus region
of the pharynx through which the food canal and dorsal extension extend. The
metacorpal bulb (MCB) is a large muscular structure with a cuticle lined
pump chamber through which the food canal and dorsal extension move and
sub ventral extension terminates. This region of the pharynx is known as the
metacorpus and is a highly muscular zone. The posterior of the MCB contains
a highly muscularised region known as the isthmus. It is between these
muscles that the glandular extensions carrying the packaged secretory proteins
of the glands pass. This entire region is wrapped in a dense blanket of nerve
ganglia that make up the nerve ring. Posterior to the nerve ring are the dorsal
and the sub ventral glandular lobes, which produce the secretory products.

Stylet and muscle
The stylet of PCN is composed of relatively electron lucent material similar to
that of the outer cuticle. It is oblong in shape and narrows to a point at its
most anterior end (Fig. 2.2). Posteriorly it has three lobes and the whole
structure has a hollow centre for the transfer of fluid into and out of the worm.
The central lumen opens at the anterior of the stylet on its side rather than the
centre of the tip (Fig. 2.3). The stylet is surrounded by longitudinal muscle
fibers which are grouped in bundles (Fig. 2.4) and anchored to the tri-lobed
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stylet base by a region of hemidesosomes (Fig. 2.5). The anterior end of these
supporting muscle fibers are fastened via hemidesmosomes to the base of the
cephalic framework (Figs. 2.5 & 2.6). The stylet is guided through the stomal
opening by the stomal wall which extends from the opening down through the
cephalic framework (Fig. 2.3).

Procorpus
The procorpus contains the sarcoplasm of the stylet protractor muscle cells,
and numerous mitochondria. From the base of the stylet knobs,
hemidesmosomes extend into the tonofilamentous region of the protractor
muscle cells which lie around the central food canal (Fig. 2.7). At the most
anterior region of the procorpus lies the dorsal gland ampulla where the dorsal
gland extension terminates in the characteristic sinusoidal bend of the food
canal. This contains numerous electron-dense secretions which are membrane
bound and their release is controlled by a membraneous tetra-radiate valve
(Fig. 2.8). The food canal forms a T-junction at the point of the ampulla valve
with the walls of the canal and the ampulla appearing connected.
Microtubules can be observed within the ampulla where they surround
membrane-bound secretory products running parallel with the ampulla,
tapering towards the valve (Fig. 2.9).

The remainder of the procorpus is dominated by the dorsal glandular
extension and the food canal whose pathways mirror each other (Fig. 2.7), and
which are surrounded by the nuclei of the cells which make up the procorpus.
The procorpus is also muscularised, but to a lessei extent than the metacorpus
with many small muscle bundles running parallel with the food canal and
dorsal extension (Fig. 2.10). The latter are supported by a membraneous
network which appears centralised around the food canal (Figs. 2.11 & 2.12)
radiating out towards the periphery of the pharynx.
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Metacorpus
Posterior to the constraining muscles of the lower procorpus, the food canal is
supported by multiple membranes as it enters the metacorpal bulb. This
region is dominated by longitudinally orientated elements of the pump
chamber muscle that radiate to the edge of the bulb (Fig. 2.13). Between
these muscle bundles the dorsal extension moves in an anterior direction past
the pump chamber and the sub ventral valve (Fig. 2.14), and is clearly
identifiable packed with dark membrane bound granules. The muscle bundles
are interspersed with nuclei of neural cells and myoepthelial cells which
dominate the periphery of the metacorpal bulb (MCB). The centre of the
MCB houses the pump chamber which in its closed position is tri-radiate in
cross section (Fig. 2.15) with a thickened cuticle lining (Fig. 2.16). Each arm
of the pump chamber is surrounded by its own electron lucent ridges that
appear as spine-like projections (Fig. 2.15). Paired muscles are attached to the
pump wall by broad dense bands of hemidesosomes and their membranes
extend outwards, separate and move into the peripherial section of the
metacorpus where they contact the boundary membrane of the bulb (Fig.
2.17).

Sub ventral gland ampullae
Posterior to the pump chamber the sub ventral gland extensions terminate
forming ampullae packed with secretory granules (Fig. 2.18). The mainly
electron-lucent sub ventral gland secretions accumulate here and at its most
anterior region the sub ventral ampullae valves are found connecting the
ampullae to the posterior of the pump chamber via a vestibule (Figs. 2.19 &
2.20). This vestibule is a cellular and membraneous extension of the pump
chamber which widens as it meets the ampullae valves. The ampullae is
divided into two sectors (paired ampullae) (Fig. 2.21), which lie adjacent to
each other and their valves are joined to the central lumen of the vestibule
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(Fig. 2.22). The whole region of ampullae and valves lies within the arcing
muscles of the metacorpal bulb with the vestibule and valves surrounded by
muscle beds (Fig. 2.20).

The contents of the sub ventral gland ampullae are electron-lucent and similar
to those found synthesised in the sub ventral glands; however, they are much
more opaque in nature than the membrane bound secretions by passing the
ampulla in the dorsal gland extension. The granules are membrane bound
with a dense core surrounded by an electron-lucent ring. The cytoplasm of the
sub ventral gland ampullae and its extensions are packed with secretions and
the microtubules responsible for their transportation. Mitochondria and free
ribosomes can also be observed (Fig. 2.23).

Isthmus
This is the posterior region of the MCB which is highly muscular in
composition. The muscles have an irregular arrangement and envelop the
dorsal and sub ventral gland extensions as well as the food canal as they enter
the MCB forming guiding barriers on either side of the extensions (Figs. 2.23
& 2.24). The glandular extensions are continuations of the glandular lobes
responsible for the transportation of the packaged secretory granules from
their site of production within the lobe to their respective ampulla. In a
similar fashion, the dorsal extension carries the electron-dense granules and
the sub ventral extensions carry the opaque granules (Fig. 2.18).

The circumpharyngeal nerve ring which comprises numerous neural ganglia,
encircles the isthmus and the glandular extensions (Figs. 2.25 & 2.26) and is
regarded as the centre of the nematode nervous system. This
circumpharyngeal commissure shows a complex and omni-directional pattern
of nerve processes.
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Glandular lobes
Extending posteriorly from the isthmus, the dorsal gland extension widens to
form the anterior portion of the dorsal gland, which contains modest
populations of electron-dense secretory granules. The dorsal gland, which is
elongated and can be up to 80-100 pm long, is also packed with many
mitochondria and many cistemae of rough endoplasmic reticulum (RER) as
well as a large prominent nucleus (Figs. 2.27 & 2.28). The dorsal gland is
bordered by two lobes of the sub ventral gland whose secretions are much
more abundant but much less electron-dense (Fig. 2.29). Again, a large
nucleus dominates the gland around which numerous Golgi stacks and
cisternae of RER can be observed with the entire lobe situated slightly more
posterior to that of the dorsal lobe.
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Legends

Fig. 2.1: A diagram showing the anterior of the nematode Globodera
pallida with emphasis upon the anatomical features of the feeding apparatus.
The stylet (S) is located at the anterior of the worm surrounded by large
beds of stylet protractor muscle (SPM) responsible for protruding the stylet
through the stomal opening (SO) in the cutical (C). The SPM responsible
for this are anchored to the cephalic framework (CF) which also provides
support and guidance for the stylet and anchorage for the somatic body wall
muscle (SM). The amphids are located in the anterior of the worm parallel
to the stylet and fulfil a chemosensory role monitoring external
environmental stimuli via the amphidial opening (AO). This connects the
socket cell (SC) and sheath cell (ShC) of the amphid to the exterior.

Below the stylet lie the cell bodies of the SPM packed with mitochondria
(M) through which the food canal (FC) migrates. In the characteristic bend
of the food canal the dorsal extension (DE) terminates connecting the
contents of the dorsal ampulla (DA) into the canal via the dorsal ampulla
valve (DAv). This occurs in the anterior most part of the procorpus (Pc).
Posterior to the procorpus is the metacorpus section of the pharynx which
contains the metacorpal bulb (MCB) and is effectively a pumping
mechanism. Within the bulb is the pump chamber itself (PC) supported by
large muscles (Mu) which radiate from the chamber to the periphery of the
bulb. Within the posterior of the bulb the sub ventral extensions (SVE)
terminate forming paired sub ventral ampullae (SVA), the contents of which
are released into the pump chamber via the sub ventral ampulla valve
(SVAv). The posterior of the MCB is constricted by large muscle beds
through which the glandular extensions pass known as the isthmus (I). The
nerve ring (NR) encompasses the whole region from the isthmus to the
glandular lobes of the sub ventral glands (SVG) and dorsal gland (DG).
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Figs. 2.2-2.29: The following electron micrographs are a combination of
longitudinal and transverse sections through the anterior region of the plant
parasite G. pallida showing the organisation of the feeding apparatus of this
worm.

Fig. 2.2: A longitudinal section of the anterior region of G. pallida showing
the stylet (S) with its lobed base and stylet protractor muscles (SPM) along
with the stomal opening (SO). Scale bar = 3pm

Fig. 2.3: A longitudinal section through the stomal region of the worm
showing the hollow stylet (S) retracted within the stomal wall (SW) of the
cephalic frame work (CF). The stylet orifice (So) can be clearly seen on the
side of the stylet tip. Scale bar = 1 pm

Fig. 2.4: A transverse section through the anterior of the worm. In the
centre the hollow stylet (S) can be seen surrounded by large beds of paired
protractor muscles (SPM). The neural process of the amphidial canal (AC)
can be seen between the stylet protractor muscles and those of the somatic
body wall (SM). Scale bar = 2pm

Fig. 2.5: A longitudinal section showing the thick muscle beds of the stylet
protractor muscles (SPM) with the dense stained hemidesmosomes (H)
which anchor the muscles to the cephalic framework (CF). Scale bar = 2pm
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Fig. 2.6: A high powered longitudinal image of the beds of
hemidesmosomes (H) which anchor the protractor muscles (SPM) to the
cephalic framework (CF). Scale bar = 1pm

Fig. 2.7: A longitudinal section of the procorpus of the pharynx, including
the metacorpal bulb (MCB). The food canal (FC) and dorsal extension (DE)
can be seen moving anteriorly from the metacorpal bulb to the stylet (S)
base. Just posterior to the stylet the dorsal extension can be seen
terminating in the dorsal ampulla (DA) which joins the food canal via a
tetra-radiate valve (DAv) surrounded by mitochondria (M). In the
metacorpal bulb the pump chamber (PC) and supporting muscles can be
clearly seen (RM). The sub ventral extension (SVE) can be seen
terminating as the sub ventral ampullae (SVA) and it joins the pump
chamber via the sub ventral ampullae valves (SVAv). Scale bar = 2pm

Fig. 2.8: A transverse section through the dorsal ampulla (DA). The
electron-dense packaged secretory proteins (SG) are clearly evident
surrounding the tetra-radiate valve of the ampulla (DAv) which is closed.
The smaller circular food canal (FC) lumen can also be seen. Scale bar =

Fig. 2.9: A longitudinal section of the tetra-radiate valve of the dorsal
ampulla (DAv). The valve is met by the food canal (FC) which
subsequently forms a T-junction in the process connecting secretory
products to the digestive tract. Inside the ampulla a packaged secretory
granule (SG) is present together with numerous microtubules (mt). Scale
bar = 1 pm

Fig. 2.10: A transverse image of the procorpus showing the dorsal extension
(DE) and food canal (FC). Numerous small muscle (Mu) bundles can be
seen running longitudinally throughout the region. Scale bar = 1pm

Fig. 2.11: A transverse section of the procorpus showing the dorsal
extension (DE) and food canal (FC). A membranous network (mn) can be
seen around the food canal and radiating outward. Scale bar = 1 pm

Fig. 2.12: A low powered transverse image of the procorpus region. The
food canal (FC) is dwarfed beside the dorsal extension (DE) while both are
encircled by a thin band of muscle (Mu). Numerous cells containing
distinctive nuclei (N) can be seen surrounding the periphery of the pharynx.
Scale bar = 2pm
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Fig. 2.13: A transverse section through the metcorpal bulb. Here the
arrangement of the bulb can be seen with the tri-radiate food canal (FC) with
the muscle (Mu) beds radiating from each lobe to the periphery of the
chamber. The dorsal extension (DE) can also be seen, moving in an anterior
direction between radial muscle bundles. Scale bar = 2pm

Fig. 2.14: A longitudinal section through the pump chamber of the
metacorpal bulb. The electron-dense granules of the dorsal extension (DE)
can be seen by passing the cuticularised pump chamber (PC) packed with
microtubules (mt). The valve of the sub ventral ampullae (SVAv) can also
be seen at the posterior of the pump chamber connecting the ampullae
(SVA) with the chamber. Scale bar = 1 pm

Fig. 2.15: A transverse image through the pump chamber (PC) of the
metacorpal bulb. The characteristic clover shaped tri-radiate pump chamber
dominates the centre of the bulb. Paired muscle bundles (Mu) can be seen
attached to the sides of the pump chamber by dense regions of
hemidesmosomes (H). Each lobe of the chamber has a pair of electron
translucent spike-like projections (S). Scale bar = 1 pm

Fig. 2.16: A longitudinal image of the pump chamber (PC) showing the
thickened cuticle walls of the chamber. Scale bar = 2pm
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Fig. 2.17: A longitudinal image of the metacorpal bulb showing the circular
cross section of bulb. The large muscle bundles (Mu) of the pump chamber
(PC) can be seen radiating from the centre to the periphery of the bulb.
Scale bar = 2pm

Fig. 2.18: A longitudinal image showing the lower procorpus (Pc),
metacorpal bulb (MCB) and glandular extensions with the characteristic
black and white granules of the dorsal (DE) and sub ventral (SVE)
extensions respectively. The opaque secretory granules of the sub ventral
extension can be seen terminating in the posterior of the MCB forming the
sub ventral ampulla (SVA). Scale bar = 2pm

Fig. 2.19: A longitudinal section of a sub ventral ampulla valve (SVAv)
connecting the ampulla to the posterior of the pump chamber (PC). The
membraneous vestibule (Ve) which links the valve and chamber can also be
seen. Scale bar = 1 pm
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Fig. 2.20: A transverse section of the valves of the sub ventral ampulla
connecting to the pump chamber. Here the paired sub ventral ampullae
(SVA) can be seen with their respective valves (V) which are connecting to
the extensive network of membranes which make up the triangular vestibule
(Ve). This catacombe of membranes links the ampullae valves to the
posterior region of the pump chamber (PC) with its tri-radiate lumen. The
whole region is highly muscularised (Mu) with the dorsal extension (DE)
also present. Scale bar = 1 pm

Fig. 2.21: A longitudinal image of the metacorpal bulb (MCB) showing the
paired ampullae (SVA) of the sub ventral glands at the posterior of the bulb.
Scale bar = 2pm

Fig. 2.22: A transverse section of the sub ventral ampullae valves (SVAv)
and vestibule (V). The tri-radiate lumen of the food canal (FC) appears to
have lobed extensions which are orientated towards the sub ventral ampullae
through the vestibule. Scale bar = 1 pm

Fig. 2.23: A longitudinal section through the posterior region of the
metacorpal bulb. Large muscle (Mu) beds can be seen through which the
glandular extensions pass upon entry to the bulb. The contents of the sub
ventral extension (SVE) can be seen with many microtubular extensions
(mt) and mitochondria (M). Scale bar = 1 pm
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Fig. 2.24: A longitudinal section of the posterior region of the metacorpal
bulb showing the constraining muscles (Mu) of the isthmus (I). These
irregularly orientated muscles envelope the glandular extensions. The
dorsal extension (DE) can be seen with its packaged secretions (SG) and
microtubules (mt). Scale bar = 1pm

Fig. 2.25: A longitudinal image of the metacorpal bulb (MCB) and glandular
extensions (GE) showing the neural commissure of the nerve ring (NR)
either side of the isthmus (I). Scale bar = 5 pm

Fig. 2.26: A transverse section of the glandular extensions (GE) around the
tri-radiate lumen of the food canal (FC). This whole region is encircled by
the neural processes which make up the central nerve ring (CNR).
Scale bar = 1 pm
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Fig. 2.27: A longitudinal image of the glandular region of the worm. The
dorsal lobe (DL) is sparsely populated with electron-dense granules with a
large central nucleus (N) and many mitochondria (M). At the posterior of
the dorsal gland the sub ventral lobe (SVL) can be seen. This is heavily
populated with electron lucent secretory granules. Scale bar = 5pm

Fig. 2.28: A high-powered image of a secretory granule (SG) from a sub
ventral lobe. The membrane bound granule is translucent in the middle
region with a more dense exterior. Surrounding the vesicle, cistema of
rough endoplasmic reticulum (RER) can be seen. Scale bar = 1pm

Fig. 2.29: A transverse image of the lobes of both the dorsal (DG) and sub
ventral glands (SVG) contrasting the populations of the different secretory
granules. Scale bar = 5pm
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Discussion

Stylet

One of the defining structures which characterises a nematode as being
phytoparasitic is the presence of a stylet which is predominantly used in the
attainment of food. These stylets are syringe-like structures which the worms
use during the feeding process and can be composed of three parts
(stomatostyle) or two parts (odonstostyle). The type of stylet will differ
depending on the type of feeding requirement placed upon it. Some
nematodes will possess long, thin needle like stylets composed of two parts.
These will be ectoparasites who feed upon cells deep within the root from the
outside like Xiphinema index (Wyss, 1981) and belong to the order
Dorylaimida. Other migratory ectoparasites will possess much shorter stylets
used more for browsing upon epidermal cells like the Trichodorus species.
The stylets of these worms like those of the Dorylaimida, are composed of
two parts however they are unique in that they are solid rather than hollow,
with the structure being curved (spear) and used to puncture cells. This is
known as an onchiostyle. Nematodes which belong to the migratory or
sedentary endoparasitic groups like the genera Pralylenchus and Globodera
respectively, possess relatively short but robust stylets which are used to
penetrate host cells and migrate. These alternatively have three parts and are
known as a stomatostyle.

The stylet of Globodera pallida has been designed to fulfil its many roles
within the feeding process of the worm. Its pointed tip and sturdy structure
are ideal for its role of puncturing cells during the worms intercellular
migration to the cortex, in contrast to the long flexible stylet of Dorylaimida
species which penetrates many layers of cells from the exterior. The presence
of a tri-lobed base provides good attachment for the large beds of muscle
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which are responsible for the protrusion of the stylet upon stimulation. These
stylet protractor muscles are anchored to the base of the cephalic framework at
the tip of the worm via hemidesmosomes which not only provide resistance
for the muscle groups to pull against, but also provide a guide in the form of
the stomal wall, through which the stylet moves.

The stylet, however, functions as more than just a mechanical tool which the
worm can use to slice its way through the host tissue. The stylet of G. pallida
is hollow allowing the transfer of solutions into and out of the worm. The
opening of the stylet’s hollow lumen however is located on the side of the tip,
thus preventing the blockage of this critical orifice during the mechanical
activities of the stylet.

The stylet plays a critical role in the establishment of the feeding syncitium by
puncturing several cells around the head of the worm. In Heterodera glycines,
upon retraction of the stylet from the feeding cell during the feeding cycle a
substance known as a plug which Endo (1978) suggests may have been
secreted from the stylet, is used to block the entry site of the stylet thus
preserving the cell. A role for the stylet has also been suggested in the
secretion of a feeding tube produced by the dorsal gland in Heterodera
schachtii (Wyss, 1984).

Work by McClure & von Mende (1987) has shown that stylet movement in the
root knot nematode Meloidogyne incognita shows a positive correlation with
the stimulation of the sub ventral glands in the infective juveniles. Again
highlighting the important role that this structure plays in the delivery of
secretory products produced within the worm which could be involved in
migration or the establishment of the feeding site. Indeed, it is the
combination of both stylet thrusts and oesophageal secretions which mediate
penetration and migration through the host (Sijmons el al., 1994; Hussey and
Grundler, 1998).
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Anterior procorpus
The general structure of cells and membrane junctions that encompass the
lumen of the food canal of G. pallida larvae was similar to that described for
other tylenchid species (Baldwin et al., 1977; Chen and Wen, 1972; Wen and
Chen, 1972; Anderson and Byers, 1975; Shepherd and Clark, 1976).
However, some observations from these species were not observed in this
study. In H. glycines (Endo, 1984) and T. dubius (Anderson and Byers,
1975) slender cytoplasmic arms of cells called stylet shaft or marginal
perodial cells, respectively, were seen to extend from the procorpus, between
the stylet knobs to the tissue surrounding the stylet shaft.

Cell nuclei can be seen in the region below the stylet protractor muscles which
appear to be associated with stylet protractor muscle cell bodies. Also several
cell nuclei occur in the central region of the procorpus region of G. pallida.
These however, like those of H. glycines cannot be assigned to specific cells,
and must therefore be related to secondary muscle and nerve processes of the
procorpus. This is not observed in the aphelenchid species, Aphelenchoides
blastophthourus which had no nuclei in its procorpus, just the cell bodies of
the procorpus cells and stylet protractor muscles. Their nuclei were located in
the metacorpus (Shepherd et al., 1980). G. pallida therefore like other
tylenchid species have a multinucleated procorpus (Yuen, 1968a; Anderson
and Byers, 1975; Baldwin et al., 1977).

Dorsal gland ampulla and food canal
The dorsal glandular extension terminates just below the stylet protractor
muscle cell bodies in a bend of the food canal which appears to be
synonymous of G. pallida. This snaking of the canal below the stylet appears
to be more pronounced in G. pallida than H. glycines and may provide slack
in the food tube to compensate for the extension required during stylet
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protraction. The dorsal extension forms a bulb-like structure in the bend of
the food canal where electron-dense glandular secretions accumulate, acting
like a reservoir prior to their release into the canal. The food canal can be
seen branching, forming a T-junction structure with the ampulla at the point of
a membrane bound valve which has a tetra-radiate form when closed. This is
similar to other tylenchid species (Anderson and Byers, 1975; Baldwin et al.,
1977; Endo, 1984).

Within the ampulla, microtubules can be seen which are responsible for the
transportation of the secretory granules from the glandular lobe. In the open
position the membrane bound valve would become filled with these granules,
which would then enter the food canal. A number of possible functions of
these secretions have been suggested including: 1) The stimulation of the
syncitium fonnation, 2) modification of the cytoplasm at the permanent
feeding site and 3) provision of means for efficient food withdrawal (Wyss
and Zunke, 1986). Therefore, this excludes the secretory proteins from any
active involvement in the migratory process of cyst nematodes to their feeding
sites. This hypothesis was supported by observations that the growth and
predominate activity of the dorsal gland was noted during and after the
syncitium’s formation, strengthening the view of its products role in the
induction and regulation of the feeding site (Hussey, 1989), and becoming
more active as the process of parasitism progresses (Davis et al., 2000).

One of the functions of these secretory proteins is believed to be the formation
of the feeding tube within the newly established syncitium. These secretions
form a tube around the opening of the stylet inside the cell (Endo, 1987) and
has been suggested as acting like a cytoplasmic filter to prevent the fatal
blockage of the stylet by large organelles during feeding (Razak and Evans,
1976). It is also believed that in more evolved sedentary endoparasites this
feeding tube may act as an enlarged surface area of plasmalernma and help in
the pre-digestion of the surrounding cytoplasm (Wyss, 1984).
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Posterior procorpus
The food canal and dorsal extension extend in an anterior direction supported
by the muscles and network of membranes within the pharynx. At the point
of exit from the metacorpal bulb they pass through a complex of
multidirectional muscles which would appear to have some sort of
constraining role on the ducts. This complex has also been described in H.
glycines with a similar structure in A. blastophthorus and has been suggested
to have a stabilising role for the metacorpus during pump muscle action
(Shepherd et ai, 1980).

Metacorpus
The lumen of the food canal is circular in cross section anterior to the pump
within the metcorpal bulb. However, upon joining the pump chamber the
lumen has a tri-radiate cross section (when closed), excluding the triangular
vestibule behind the pump chamber, and is tri-radiate through the isthmus,
nerve ring and glandular extensions. Through the metacorpus the dorsal
extension passes between the muscle bundles of the pump chamber and it is
the contraction of these large muscles within the MCB that are responsible for
the ingestion of food through the stylet. A correlation has been shown
between the thrusting of the stylet and electrical currents associated with the
contraction and relaxation of the pharyngeal muscles (Rolfe and Perry, 2001),
supporting the role of stylet protrusion and pharyngeal pumping in feeding
behaviour and also migration of G. rostochiensis.

Pump Chamber
The pump chamber has a thick cuticle-like wall with a tri-radiate lumen
surrounded by a membranous structure. The chamber is supported by a
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regular arrangement of six muscle bundles with a longitudinal arrangement,
with two bundles attached to each side of the tri-radiate pump wall via
hemidesmosomes. The electron lucent structures of the outer layer of the
pump wall were called “spines” mA. blastophthorus by Shepherd et al.,
(1980) and “tubercules” in H. glycines males by Baldwin et al., (1977). In H.
glycines these regions were described as long thickenings that apparently
provide support for tri-radiate arms of the pump and maintain its shape as the
interradial regions are pulled outward during the contractions of the pump
muscle.

Sub ventral ampullae and valve
The sub ventral glandular extension (SVGE) terminates in the posterior region
of the metacorpal bulb below the arcing radial muscles of the pump chamber.
As the SVGE swells it forms a terminal bulb or ampulla known as the sub
ventral ampullae (SVA). Like the DA valves the SVA valves are tetra-radiate
and similar to those in several other nematode species e.g. Meloidogyne
javanica (Bird, 1969), Meloidogyne incognita (Endo and Wergin, 1973),
Tylenchoryhynchus dubis (Anderson and Byers, 1975), Heterodera glycines
(Baldwin, Hirschmann and Triantaphyllou, \911), Aphelenchoides
blastophthorus (Shepherd, Clark and Hooper, 1980). There are two SVA
valves, one for each ampulla and each open into an elongated cuticularized
vestibule which is triangular in cross section. Other suggestions for the
function of the valves in H. glycines (Endo, 1984) and in T. dubius (Anderson
and Byers, 1975) have been to induce changes of turgor pressure of the
ampullae contents and the movement of nucleated cells with sclerotized
regions around the base of the valve. Microtubules can clearly be seen within
the SVA which are responsible for the transportation of secretory products
from the gland to the ampullae valves.
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As for the role of the vestibule, Endo (1984) suggested that it may be a
collection point for SVA secretions before they are pumped forward or mixed
with ingested food prior to entering the post metacorpal lumen. As the food
canal lumen moves in a posterior direction it passes through a highly
muscularised region, similar to that at the anterior end of the metacorpal bulb.
This region known as the isthmus, has been suggested to have a controlling
affect on the flow of secretions into the bulb through the glandular extension
and the contents of the canal, which has a triangular cross section as it passes
out of the metacorpal bulb (Seymour and Shepherd, 1974).

It was hypothesised by early researchers that the secretions of the SVA could
only move in a posterior direction due to the anatomical barrier presented by
the pump chamber (Wyss and Zunke, 1986). This theory therefore limited the
products of this gland to internal roles within the worm, like digestion,
excluding possibilities of involvement in migration etc. However, with the
ability to identify and label specific products of the SVG using monoclonal
antibodies (MAb’s) Goverse et al., (1994) was able to localize these secretory
products within stylet exudates of//, glycines Ji’s. Although the secretion of
these products was induced chemically it still provided evidence that the
products of the SVG could be secreted and therefore play a role exterior to the
worm.

Further production and characterisation of MAb’s which bind to specific
antigens continued with products from both the dorsal and sub ventral glands
being identified in G. rostochiensis (De Boer et al., 1996; Qin et al., 2000).
However, it was work by Smant et al., (1997) that first showed that a cellulase
enzyme B-1,4 endoglucanase, produced within the SVG gland was being
secreted within stylet exudates and the anterior regions of the pharynx using
MAb technology.
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This information led to interest in the SVG and the importance of its products
to parasitism. Further work by Wang et a!., (1999) identified the presence of
genes within the SVG whose products encoded cellulolytic enzymes, and that
these cellulase enzymes were not only secreted from the stylet in planta
during the migration of infective J2, but that they were only active during this
period of migration (Goellner et al., 2001). This supported previous work by
Wyss (1992) and Endo (1993) who concluded that the SVG that were actively
synthesising secretory components as preparasitic Vs, subsequently appeared
to become inactive after the nematode had established its feeding syncitium.

The significance of this work was the implication of the role of packaged
secretory proteins from the SVG upon the infiltration and migration of cyst
and root knot nematodes within their hosts. Cell wall modifying enzymes
appeared active within the SVG (Davis et al., 2000) such that plant parasitic
nematodes had a range of hydrolytic enzymes for digesting wall polymers.
These included polygalacturonases isolated from M. incognita (Jaubert et al.,
2002), pectate lyases from G. rostochiensis (Popeijus et al., 2000) which
degrade the pectate polysaccharides comprising the middle lamella of the cell
wall and cellulases, xylanases which degrade cellulose and hemicellulose
respectively (Hussey et al., 2002; Jasmer et al., 2003).

This impressive array of hydrolytic enzymes, however, is not the full extent of
the products encoded by parasitism genes expressed within the SVG. A wide
range of proteins have been identified which may be involved in a number of
different processes within the host cell including altered cellular metabolism;
cell cycle augmentation; nuclear localization and protein degradation. If this
is the case it suggests that the existing model of regulation of parasitism by
nematodes is highly simplified and that the actual interactions during
parasitism are much more complex (Davis, Hussey and Baum, 2004).

Ill

One of the most likely ways in which secreted nematode products may affect
host parasitism is via peptide signalling. Work on H. glycines involving
protein domain searches identified the predicted product of a parasitism gene
encoding SYV46 (Wang et al., 2001). What was interesting was that this
peptide was similar to a related class of plant signal peptide CLAVATA3
(CLV3) (Olsen and Skriver, 2003) which has been identified as being
involved in the differentiation of stem cells in shoot meristems (Clark, 2001).
This data follows that of Goverse et al., (2000) where phytohormones which
regulate many processes in plant growth and development may have a direct
or indirect role in the parasitic interaction between plant and nematode.

Further evidence for the involvement of parasitism genes in plant peptide
signalling comes from M. incognita (Haung et al., 2003) and G. rostochiensis
(Goverse et al., 1999). Thus, if nematodes have managed to evolve in such a
manner as to mimic the peptide signalling system of their host plant, they
therefore have aquired the ability to regulate the development of their own
feeding syncitium and, ultimately their external environment. If this was the
case, then it would mark a degree of evolution unexpected in phytoparasites
which would be truly remarkable.

However, this does not mean that the peptide products of the SVG parasitism
genes are exclusively resigned to modes of action outside the nematode itself.
Indeed the hypothesis that the SVG products may be involved in digestion
within the worm could still be a legitimate one. Work by Gao et al., (2001)
localized, by way of in situ hybridisation, the expression of three putative
proteinase cDNA clones in the intestinal cells of H. glycines. This suggested
a digestive role for the encoded proteinases when secreted into the intestinal
lumen from the eosphageal glands.

112

Glandular lobe
The dorsal and sub ventral glands produce the secretory granules which
accumulate at their respective ampulla. In G. pallida the sub ventral gland is
paired with two separate glands and glandular extensions, unlike that of H.
glycines males who have been reported to have syncytial glands rather than
paired glands Baldwin et al., (1977). At the site of synthesis within the SVG
the membrane bound secretions are opaque in appearance, being synthesised
by free ribosomes and packaged by Golgi complexes. The SVG have one
large nucleus and contain large populations of packaged granules at this J2
stage of development. This would be in keeping with the hypothesis that
these secretions are initially involved in the support of penetration and
migration of the parasitic juvenile through host roots. As these move anterior
via the action of microtubules in the glandular extensions, they appear to
develop a dense core graduating to a translucent periphery especially in the
ampulla. Endo (1984) suggests that this change is brought about by
membrane to membrane contact between the secretions.

The secretory granules of the dorsal gland are extremely electron-dense and
not as prevalent in the gland as those in the SVG. Their appearance does not
change from the site of production to the ampulla and like the SVG the cell
has one large nucleus. The lack of production of the dorsal secretory products
at this stage of the juvenile would again fit the hypothesis that these secretions
are involved in feeding site establishment and maintenance as opposed to
invasion. Glandular secretions move through the nerve ring in their
respective extensions around the tri-radiate food canal. The nerve ring
encompasses the extensions just below the metacorpal bulb.

Endoparasitic nematodes mark the pinnacle of evolutionary development in
regards to phytoparasitic worms, having evolved both anatomical and
biochemical adaptations to compromise host plant defences and maximise
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feeding potential. With the full complexity of parasitic secretory protein
interaction with host plant cells still not fully appreciated, we are left to
surmise the degree to which these parasites can manipulate and control their
feeding environment and ultimately their host cells. Inevitably this will
surpass the simplistic expectations originally assigned to these intriguing plant
parasites.
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Chapter 3
Immunolocalisation of FMRFamide-reiated
peptide (FaRP) immunoreactivity in the
feeding apparatus and associated neurones of
Globodera pallida
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Abstract
The feeding apparatus of the potato cyst nematode Globodera pallida is
innervated by neurones which are immunopositive for FMRFamide-related
peptides (FaRP), as demonstrated using both light and electronimmunocytochemistry. Within the nervous system of G. pallida FaRPimmunoreactivity has been identified in neurones associated with the sensory
structures, the amphids and pharynx. At the light microscopy level
immunocytochemistry identified and localised positive immunostaining
indicating the presence of FaRPs within a single central neurone of the
pharynx which runs from the metacorpal bulb to the base of the stylet. This
neurone is flanked by two lateral neurones which stained less intensely and
are believed to be associated with the amphids. Widespread FaRPimmunostaining was also observed in innervation of the metacorpal bulb and
within the central nervous system including the nerve ring and dorsal and
ventral nerve cords. At the electron microscopy level 10 nm gold probes
identified the presence of FaRP-immunoreactivity in neurones closely
associated with the glandular extensions of the dorsal and paired sub ventral
ampullae. These immunopositive neurones extend in an anterior direction
from the glandular lobes, through the nerve ring into the metacorpal bulb,
continuing until their termination at both sets of glandular ampullae. Gold
labelling within these neurones was specific to dense membrane bound
neurosecretory granules but was absent in the neurones of the dorsal ampulla.
The membrane bound secretory products stored within these ampullae have
been identified as key factors in the successful penetration, migration and
establishment of feeding sites by the nematodes. The close proximity of
FaRPergic nerves to the feeding apparatus lends support to the potential role
of this family of neuropeptides in the regulation of the feeding behaviour of
these economically important plant parasites.
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Introduction
Globodera pallida is a highly specialised feeder within the order Tylenchida
with an evolved anatomy ideally suited to the parasitism of its host plants.
Along with these physical adaptations the nematode also hosts a battery of
secretory proteins that it can utilise to further manipulate its environment.
While a large amount of research has documented these findings, considerably
less is known and understood of the mechanisms which regulate the digestive
system of these worms.

Clearly the nervous system plays a central role in motor function within
nematodes but the actual degree of neural innervation in relation to the
feeding apparatus of the potato cyst nematode (PCN) is less defined. Early
work on the feeding mechanisms of the cyst nematode (Endo, 1984, 1987,
1993; Wyss and Zunke, 1986) revealed the presence of neural processes
closely associated with the key structures within the digestive system. This
indicated that direct control over some of the key mechanisms i.e. release of
secretory granules, if not all of the mechanisms involved during migration and
feeding, were regulated by the nervous system as opposed to physical stimuli
like turgor pressure. However, even this raised questions as to the role such
neurones might play with suggestions that their neurosecretory products may
be released into the ampulla/e of the secretory glands where they may result in
the modification of the granules prior to release (Baldwin, 1973).

The nematode nervous system is structurally simplistic and conserved in its
general fonn across the phylum. With the data generated from model
organisms the nervous system itself is generally believed to be comprised of
around 300 neurones (302, Caenorhabditis elegans', 298, Ascans suum) and is
found in two major concentrations within nematodes. The largest gathering of
neurones is the circumpharangeal nerve ring (CNR) located around the
pharynx of the worm, which is considered to be the “brain” of the animal due
to the large amount of sensory information processed here. A smaller
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concentration of ganglia are found in the tail of the worm known as tire
perianal nerve ring and these are believed to regulate the reproductive
processes. The two nerve rings are connected by two major nerve cords, the
larger of which is the ventral cord containing the majority of the cell bodies of
motomeurones found within either cord, which then connects via
commissures to the smaller dorsal cord. These two major cords are
responsible amongst other things, for the innervation of the somatic muscle,
and ultimately produce the sinusoidal wave movement of the worm. Around
the “brain” of the worm a number of ganglia are found above and below the
plane of the CNR, with those above being associated with the sensory
amphidial nerves. From the cell bodies in these ganglia the axons of these
neurones run to the anterior of the worm and form the major sensory
structures, the amphids.

The nervous system is also divided up into a number of smaller systems; the
peripheral and enteric nervous systems. The enteric system is responsible for
the control of the pharyngeal and rectal regions. It is this semi-independent
control of the pharynx by the enteric nervous system that is most relevant to
the feeding system of PCN. This system has been described mAscaris as
consisting of 20 neurones around the metacorpus region with neural processes
extending anteriorly along the length of the pharynx. Within both Ascaris and
C. elegcms (Albertson and Thomson, 1976; Johnson et al., 1996; Rogers et ai,
2001) the presence of neurosecretory motomeurones have been identified
within the pharynx and this sympathetic system is connected to the CNR by
two intemeurones.

The relative structural simplicity of the nervous system is compensated for by
the complexity of its chemical stimuli. The nervous system utilises an
extensive range of neurotransmitters and neuropeptides in a highly integrated
and as yet not fully understood system of control. The neurotransmitters are
small molecules synthesised and released from the nerve terminal diffusing
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across the synaptic cleft to effect the neighbouring postsynaptic target cell.
Their action is described as rapid and short lived and they have been
associated with a wide variety of functions, both inhibitory and excitatory,
throughout nematode functioning from locomotion (Davis and Stretton, 1996)
to pharyngeal pumping (Rogers et al., 2001; Brownlee et al., 1995) and
aspects of reproduction (Jonz et al, 2001).

In comparison, neuropeptides are the largest group of compounds released
from neurones and form chains of amino acids which fulfil a
neurotransmitter/modulatory role. They are much larger than classical
neurotransmitters and are synthesised in the neural cell body being transported
to the terminal where they are released. Their action is believed to contrast
that of the transmitters by being slow and long lasting while suggestions have
been made that they have a synergistic role with classical transmitters (Maule
et al, 1996a) while others imply they regulate the actions of classical
transmitters (Brownlee et al, 1995). The chain structure of the neuropeptides
allows for greater diversity as messenger molecules in comparison to the
classical transmitters, thus explaining the wider range of neuropeptide
transmitters that are present.

The most widely understood and largest family of neuropeptides to date are
those of the FMRFamide group. This family of FMRFamide-related peptides
(FaRPs), first identified as a cardioactive agent from the clam Macrocallista
nimbosa (Price and Greenberg, 1977), have become the most abundant and
diverse family of regulatory peptides known (Maule et al., 1996a,b,c) within
invertebrates. By employing immunocytochemistry, in conjunction with
antisera raised against FMRFamide peptides, it was possible to localise the
distribution of this neuropeptide family within nematode nervous systems.

The indirect imunofluoresence technique (Coons et al, 1955) uncovered the
extensive distribution of FaRPs within the nervous system, with staining
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evident within all neuronal subtypes including sensory, inter- and motorneurones. Also, the discovery of its wide distribution was found in both
parasitic and free living nematode species such as, .A suum (Cowden and
Stretton, 1993; Fellowes et al., 1999), Heterodera glycines (Atkinson et al.,
1988) and C. elegans (Atkinson et al., 1988; Schinkmann and Li, 1992). This
realisation of FaRP prevalence across nematode neuronal innervation
suggested a prominent and wide range of roles for these endogenous
neuropeptides.

Much physiological work on the somatic muscle of A. suum revealed that
FaRPs played an important and varied role on body wall muscle (Brownlee et
al., 1996; Brownlee and Fairweather, 1999; Maule et al., 1996a). It was also
shown that in A. suum FaRPs played a role in the regulation of the pharyngeal
musculature causing inhibition of serotonin induced pumping (Brownlee et
a!., 1995). FaRPs were also shown to play both excitatory and inhibitory roles
within the pharynx of C. elegans in conjunction with classical
neurotransmitters (Rogers et al., 2001), thus, indicating a role in the
innervation of the feeding apparatus of nematodes and, significantly,
indicating a regulatory role for this neuropeptide family in modulating
classical transmitter stimulation.

FaRPs have also been identified in the innervation of reproductive structures
such as the vagina vera of A. suum (Fellowes el al., 1998) and in the
innervation of the vagina vera in various free living nematodes in neurones
identified as containing the classical transmitters dopamine and 5-HT
(Atkinson et al, 1988; Leach, Tmdgill and Graham, 1987; Sharpe and
Atkinson, 1980; Shinkman and Li, 1992).

A study by Kimber et al., (2001) first identified the widespread distribution of
FaRPs within the neuronal network of G. pallida replicating the findings in
other worms. The presence of FaRPs appeared particularly abundant around
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the anterior region of the worm encompassing the CNR and pharynx of the
nematode. This identified the possibility that these FaRPs may play an
important role in the innervation or regulation of the worm’s feeding
apparatus. With this in mind, the objective of the current study was to
advance these findings using immunochemical techniques interfaced with
confocal and electron microscopy. The main aim was the identification and
localisation of FaRPs at the cellular level and the mapping of their distribution
in relation to the feeding system therefore, helping to identify the possible
sites and modes of action of FaRPs in the feeding system of PCN.
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Materials and Methods
Cysts Hatching
See chapter 2.

Transmission Electron Microscopy
See chapter 2.

Electron-immunocytochemistry

The techniques involved in immunogold labellii constitute those already
mentioned above in the preparation and fixing ohe tissue while
incorporating techniques described by Halton ai Brennan (1998). Once
sectioned, the tissue on the formvar nickel grids as incubated in droplets of
the immunoreagents on sheets of parafilm, insidoetri dishes which were then
sealed. This process was continued by the etchh of the sections by floating
the grids in 10% (v/v) hydrogen peroxide for 5 m and then washing in 20
mM Tris-HCL buffer containing 0.1% bovine sem albumin (BSA) and
Tween 20 diluted to 1:20 (pH 8.2) (5 X 1 min whes).

A primary blocking step involved placing the grs in normal goat serum
(1:20 diluted in BSA/Tris-HCl; pH 8.2) for 30 m to block non-specific
binding sites, followed by BSA/Tris-HCl buffer X 1 min wash). The
second blocking step involved placing the grids 0.02 % glycine (in
BSA/Tris-HCl buffer) for 20 min followed by BVTris-HCl buffer (5X1
min wash). The grids were then incubated in dnlets of guinea-pig primary
antiserum (designated FI; from Fellowes et al., 99) raised to FMRFamide,
which was diluted to 1:8000 in BSA/Tris-HCl fc72 h at room temperature.
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After incubation the grids were washed in BSA/Tris-HCl buffer, pH 8.2 (5 X
Imin washes) and placed in a 25 pi droplet of 10 nm gold-conjugated goat
anti-guinea pig IgG (Biocell, Cardiff) for 4 h at room temperature. The grids
were then washed (5 X 1 min) in BSA/Tris-HCl (pH 8.2) fixed in 2% (v/v)
double distilled glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2)
for 3 min, rewashed (5 X 1) BSA/Tris-HCl (pH 8.2) and finally rinsed with
double-distilled water (7 X 1 min). The sections on the grids were then
stained as for TEM with uranyl acetate (8 mm) and lead citrate (5 min) and
viewed in a FEI CM100 transmission electron microscope at lOOkV.

Controls included

i

Omission of the primary antibody.

ii

Preadsorption of the primary antibody with the original antigen.

Immunocytochemistry

This utilised the indirect immunofluorescence technique of Coons et al.,
(1955) whereby the localisation of a tissue constituent in situ is visualised by
means of a specific antigen-antibody reaction using a secondary antibody
tagged with a flurophore as a visible label.

Whole mount preparation involved the collection of several hundred
individual worms freshly hatched from their cysts in potato root diffusate
(PRD). These worms were fixed in 4% (w/v) paraformaldehyde in 0.1 M
phosphate buffered saline (PBS) for 4 h at 4°C. The worms were then roughly
chopped using a clean razor blade to facilitate antibody infiltration. This
proceedure generates a large number of worm fragments cut in random planes,
thus exposing the neural tissue to the antiserum. The tissue was then washed
(2X5 min) in antibody dilutent (AbD; 0.1 M PBS pH 7.2, containing 0.1%
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(v/v) Triton X-100, 0.1% (w/v) bovine serum albumen (BSA) and 0.1% (w/v)
sodium azide (NaN3), and left overnight at 4°C.

The tissue was incubated in anti-FMRFamide (dilution FI; 1:1000 in AbD)
for 72 h at 4°C and then washed overnight in AbD before being incubated in
FITC-labelled secondary antiserum (rabbit anti-guinea pig; RAGP) at a
working dilution of 1:100 for 48 h at 40C. The tissue was once again washed
in AbD overnight at 4°C followed by incubation in TRITC-labelled phalloidin
1:100 (Sigma, UK) for 24 h at 4°C, as a specific counterstain for muscle Factin. The stained tissue sections were then washed thoroughly in AbD (3 X
15 min) at room temperature before being mounted on microscope slides in
PBS/glycerol (1:9) containing antifade (1,4-diazabicyclo-{2.2.2.}-octane,
[2.5%

w/v]) covered with a coverslip and sealed with nail varnish. All slides

where then viewed and photographed using a Lecia TCS NT confocal
scanning laser microscope (Lecia Micrcosystems, Milton Keynes, UK).

Controls included

i

Omission of the primary' antibody

ii

Preadsorption of the primary antiserum with the original antigen to which
the antiserum was raised
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Results
Immunocytochemistry
Using an antiserum raised against FMRFamide the resulting immunopositive
staining indicated a widespread distribution of FaRPs within the central,
enteric and peripheral nervous system in the anterior of the worm.

Immunostaining was particularly strong in the ganglia constituting the
circumpharyngeal nerve ring (CNR) and the neural net which covered the
majority of the metacorpal bulb (MCB) (Fig. 3.1). This network of neuronal
processes appear to cover the entire posterior of the MCB with the net
extending in an anterior direction on the dorsal side of the bulb. It is from this
prominent position of the net that a large single neurone appears to emanate
and makes its way to the base of the stylet protractor muscles (SPM) through
the central region of the procorpus (Fig. 3.2). This solitary large neurone was
prevalent and is accompanied by two lateral nerves which, although appearing
quite faint in fluorescence, appear to fringe the procorpus region of the
pharynx (Fig. 3.3). These two flanking neurones extend past the termination
of the larger central neurone and appear to continue into the region of the
amphidial canal between the SPM and somatic body wall muscle. The origin
of these neural processes is less clear but they seem to emanate from a
neuronal network of the MCB.

Just posterior to the MCB is the CNR which extends in a posterior ventral
direction. The network of nerve around the bulb is innervated from this
commissure. Below this large accumulation of immunopositive neurones both
the dorsal and ventral nerve cords could also be identified (Fig. 3.4).

The controls for the ICC were negative with no labeling for FaRP present.
Results not shown.
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Electron-immunocytochemistry
Again an antisemm raised against FMRFamide was used to stain for the
presence of FaRP only this time the antibody was labelled with a gold probe.
Like the labelling observed at the light level the distribution of FaRP
immunoreactivity was widespread and prevalent in many of the most
important anatomical structures within the feeding apparatus of the worm.

Procorpus
Although the procorpus contains the dorsal extension and its associated neural
process can clearly be seen throughout, the nerve surrounding the dorsal
ampulla failed to demonstrate the presence of FaRP (Fig. 3.5). The nerve
contains neurosecretory granules associated with neuropeptide transmission;
however, although very prominent at the light level this neurone appears
smaller in diameter in comparison to those innervating other regions of the
feeding apparatus at the electron microscopy level.

Metacorpus
The metacorpus region of the pharynx constituting the bulb is highly
innervated with nerve as seen at the light level and this is also the case at the
ultrastructural level. The bulb itself is a large muscular pumping chamber and
as such has large beds of radiating muscle extending to the periphery of the
bulb. Within the bulb, the dorsal extension can be seen weaving its way in an
anterior direction through the radiating muscle bundles (Fig. 3.6). This
extension is accompanied by a large neural process which is heavily laden
with neurosecretory granules. These granules are labelled with gold probes
indicating they are FaRPergic (Fig. 3.7). As the dorsal extension and its
neurone continue anteriorly, the size of the associated nerve decreases in
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diameter considerably. This can be seen by comparing the same nerve in the
MCB and again at the dorsal ampulla.

Sub ventral gland ampullae
Posterior to the pump chamber of the metacorpal bulb the subventral gland
extensions terminate fonning paired ampullae. The mainly electron-lucent
sub ventral gland secretions accumulate here and at its most anterior region
the sub ventral ampullae valves are found connecting the ampullae to the
pump chamber via a membranous vestibule (Fig. 3.8). The walls of the sub
ventral ampullae are encompassed by a large accumulation of neuronal
processes which in turn are surrounded by the muscles of the MCB (Figs. 3.93.10). The nerves are filled with neurosecretory granules along with
neurotubules and mitochondria. These granules are located along the length
of the ampullae membrane and continue as far as the vestibule which feeds the
secretory products of the ampullae into the pump chamber via the tetra-radiate
valves (Fig. 3.11). The neurosecretory granules appear to be present within
the extremities of the vestibule closely associated with the valves which
regulate product flow from the ampullae (Fig. 3.12). The entire network of
neural processes sandwiched between the ampullae membrane and
surrounding muscularized bulb which cloak the secretory reservoirs have been
positively labelled as FaRPergic (Fig. 3.13). Between the muscle bundles
which surround the sub ventral ampullae and pump chamber nerve can also be
seen containing neurosecretory granules labelled with gold probe (Figs. 3.143.15). Whether these are projections of the neural net is unclear.

Isthmus
This is the posterior region of the MCB which is highly muscular in
composition. The muscles have an irregular arrangement and envelop the
dorsal and sub ventral gland extensions as well as the food canal as they enter
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the MCB (Fig. 3.16). The three glandular extensions have the tri-radiate food
canal at their centre and around this a network of neural innervation is found
radiating out in three prongs from the central food canal (Fig. 3.17). These
processes are packed with neurosecretory granules and are immunolabelled
identifying the nerves as FaRPergic (Fig. 3.18). Granules are present along
the nerve, parallel to the interior of the glandular extensions and run to the
food canal. The nerves contain mitochondria and the granules appear to stop
upon contact with a membrane-like structure which surrounds the food canal.

Glandular extensions

The glandular extensions of both the sub ventral and dorsal glands carry the
secretory proteins from their site of production into the MCB and for the
dorsal products, on to the base of the stylet protractor muscles. These three
extensions surround the tri-radiate lumen of the food canal but, unlike the
extensions as they enter the MCB, the associated nerve at this stage is found
on the exterior of the glandular extensions (Fig. 3.19). Two large neuronal
processes can be seen closely associated with the membrane of each type of
extension, respectively. The dorsal extension has a single neurone which
appears to cover the exterior surface of the extension in a half moon cresentshape (Fig. 3.20). However, the two sub ventral extensions share a single
neurone, which is larger than that of the dorsal extension and is more
spherical-shaped (Fig. 3.21). Both of these neurones are packed with
neurosecretory granules and have been immunolabelled with gold probes
identifying FaRPergic immunoreactivity within the granules.

Nerve Ring
The circumpharyngeal nerve ring circles the most posterior part of the isthmus
along with a large section of the glandular extensions which passes through
the centre of the commissure (Fig. 3.22). This ring of nerves has an oblique
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orientation and shows a complex and omni-directional pattern of nerve
processes. The nerve ring is more developed along the ventral side of the
worm and, as seen at the light level, is intensely immunoreactive for FaRPs
(Figs. 3.23-3.24).

The controls for the EICC were negative with no labeling for FaRP present.
Results not shown.

Diagram

Fig. 3.25 provides a diagrammatic overview of FaRP localisation at the
ultrastructural level within the pharynx of G. pallida, showing nerves
associated with both dorsal and sub ventral glandular secretions that were
positively immunoreactive.
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Legends
Figs. 3.1-4: Confocal Scanning Laser Micrographs (CSLM) representing
FMRFamide-related peptide (FARP) immunoreactivity in the anterior
region of Globodera pallida. Nerve staining is shown in green with muscle
represented by red.

Fig. 3.1: CSLM of a whole mount anterior region of G. pallida. The large
circumpharyngeal nerve ring (CNR) can be seen below the metacorpal bulb
(MCB). Nerve processes can be seen connecting this commissure to the
neural network (NN) which encompasses the (MCB) being more prominent
along the dorsal side. The large neurone (N) of the pharynx can also be seen
along with the stylet protractor muscles (SPM).

Fig. 3.2: CSLM of a whole mount anterior region of G. pa/Z/^/o. The
muscular metacorpal bulb (MCB) can be seen with a large central neurone
(N) ninning the length of the procorpus terminating at the base of the stylet
protractor muscles (SPM).

Fig. 3.3: CSLM of a whole mount anterior region of G. po/Z/cZa. The
metacorpal bulb (MCB) is innervated by a neural network whose dorsal side
is more developed than that of the ventral. From this dorsal body (DB) the
large central neurone (N), which moves through the procorpus appears to
originate. This central neurone terminates below the stylet protractor
muscles (SPM). There also appears to be two faint lateral nerves (LN)
flanking the pharynx.

Fig. 3.4: CSLM of a whole mount anterior region of G. paZZ/i/w. The strong
immunopositive nature of the circumpharyngeal nerve ring (CNR) and the
dorsal (DC) and ventral (VC) nerve cords can be seen. The neural processes
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connecting the neural network (NN) of the metacorpal bulb (MCB) to the
CNR can also be seen. The large central neurone (N) of the pharynx and
stylet protractor muscles (SPM) are also observed.
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3.2

Figs. 3.5-24: Electron micrographs of the anterior region of G. pallida
showing the neuronal innervation of the feeding apparatus. FaRPimmunoreactivity is represented by the presence of gold probes in the form
of black spheres.

Fig. 3.5: A tranverse section of the dorsal ampulla (DA) with its tetraradiate valve (DAv) and secretory granules (Sg) within the procorpus region
of the pharynx. A neural process can be seen running along the membrane
of the dorsal ampulla (N), with the food canal (FC) also closely associated.
Scale bar = 1 pm
Fig. 3.6: A transverse section through the metacorpal bulb showing the
dorsal extension (DE) and its neural process (N) moving between the
radiating muscles (Mu) of the pump chamber. The secretory proteins of the
dorsal gland can be seen bound within their granules (Sg). Scale bar = 1 pm

Fig. 3.7: A high power transverse section of the neural process (N)
associated with the dorsal extension (DE) within the metacorpal bulb. This
nerve is packed with neurosecretory granules (Ng) which have been labelled
identifying the presence of FaRP (inset). Mitochondria can also be seen
within the neural process (M). Scale bars = 0.5pm Inset = 10Onm

Fig. 3.8: A longitudinal section of the sub ventral ampulla and valve
(SVAv) within the radial muscles (Mu) of the pump chamber (PC). The
vestibule (V) can be seen connecting the valve to the pump chamber while
on either side of the ampulla, nerve can be seen (N) sandwiched between the
ampulla membrane and the muscle beds. Scale bar = 1 pm
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Fig. 3.9: A longitudinal section of the sub ventral ampulla (SVA) showing
the nerve (N) which surrounds the reservoir. This neuronal process is
densely packed with neurosecretory granules (Ng) which have been labelled
for FaRPs (inset). Scale bars = 1 pm

Inset = lOOnm

Fig. 3.10: A longitudinal section of the sub ventral ampulla (SVA) showing
the neural process (N) which is moulded around its exterior. Within the
nerve which lies between the muscles of the pump chamber (Mu) and the
sub ventral ampulla (SVA) mitochondria (M) can be seen. Scale bar = 1pm

Fig. 3.11: A longitudinal section of the pump chamber (PC), vestibule (V)
and sub ventral ampulla valve (SVAv). Neurosecretory granules (Ng) of the
nerve which encompasses the ampulla can be seen beside the membrane of
the vestibule. These granules are stained positive for FaRP (inset). Scale
bars = 1pm

Inset = lOOnm

Fig. 3.12: A high power longitudinal section of the sub ventral ampulla
valve (SVAv) and vestibule (V) which connects it to the pump chamber.
Again neurosecretory granules (Ng) can be seen within the vestibule and
these are positively labelled for FaRP-immunoreactivity. Scale bar = 0.5pm
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Fig. 3.13: A transverse section of the tetra-radiate sub ventral ampullae
valves (SVAv) connecting to the membranous vestibule (V) which links the
valves to the tri-radiate food canal (FC) posterior to the pump chamber.
Neural innervation can be seen associated with both ampullae valves with
neurosecretory granules (Ng) present surrounding both the valves and
vestibule. These granules are immunopositive for FaRP (inset). The muscle
(Mu) of the metacorpal bulb can be seen surrounding the entire region.
Scale bars = 1 pm

Inset = lOOnm

Fig. 3.14: A tranverse section of the muscle bundles (Mu) of the metacorpal
bulb. A large neuronal process can be seen between the muscle beds
containing neurosecretory granules (Ng) immunolabelled for FaRP (inset).
Scale bars = 0.5pm

Inset = lOOnm

Fig. 3.15: A transverse section of the pump chamber (PC) with paired
muscle bundles (Mu). Between these bundles nerve can be seen containing
neurosecretory granules (Ng) which have been labelled indicating the
presence of FaRP-immunoreactivity (inset). Scale bars = 0.5pm
Inset = lOOnm

Fig. 3.16: A transverse section of the glandular extensions posterior to the
pump chamber. At the centre the tri-radiate food canal (FC) can be seen
surrounded by the membranous vestibule (V). Nerve (N) can be seen
between the glandular extensions running towards the food canal like a
three-spoked wheel. These processes contain neurosecretory granules (Ng)
immunolabelled for the presence of FaRP (inset). Mitochondria (M). Scale
bars = 1 pm

Inset = lOOnm
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Fig. 3.17: A high-powered image of a transverse section of the nerve
between the glandular extensions. The tn-radiate food canal (FC) and
surrounding vestibule (V) can be seen. The nerve runs up to the
membranous vestibule and neurosecretory granules (Ng) can be seen closely
associated with it. These are immunolabelled for the presence of FaRP.
Scale bar = 0.5pm

Fig. 3.18: A high-powered image of a transverse section of the nerve
between the glandular extensions. The nerve is immunolabelled identifying
FaRP within the membrane bound neurosecretory granules (Ng). Scale bar
= 0.5pm

Fig. 3.19: A transverse section of the glandular extensions before they enter
the metacorpal bulb. The dorsal (DE) and two sub ventral (SVE) extensions
can be clearly seen surrounding the tri-radiate food canal (FC). A neural
process (N) can be seen associated with the dorsal extension and one with
the two sub ventral extensions. Scale bar = 1pm

Fig. 3.20: A high-power image of a transverse section of the dorsal
extension (DE) with its associated neural process (N). The neuron is packed
with neurosecretory granules (Ng) which are immunolabelled for the
presence of FaRP (inset). Scale bars = 0.5pm

Inset = lOOnm
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Fig. 3.21: A high power image of a transverse section of the sub ventral
extension (SVE) with its associated neural process (N). This neuron is
larger than the dorsal process and is packed with neurosecretory granules
(Ng) immunolabelled for FaRP-immunoreactivity (inset). Scale bars =
0.5pm Inset-lOOnm

Fig. 3.22: A transverse section of the glandular extensions, dorsal (DE) and
sub ventral (SVE) as they pass through the circumpharyngeal nerve ring
(CNR). Scale bar = 1 pm

Fig. 3.23: A longitudinal section of the nerve ring (NR) processes. The
neurones contain neurosecretory granules (Ng) immunolabelled showing the
presence of FaRP-immunoreactivity (inset). Scale bars = 0.5pm
Inset = lOOnm

Fig. 3.24: A transverse section of the nerve ring (NR) containing
neurosecretory granules (Ng) immunopositive for FaRP. Scale bar = 0.5pm
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Fig. 3.25: A diagrammatic representation of a longitudinal section showing
FaRP-immunoreactivity within the pharynx of G. pallida with labelled
nerve associated with the dorsal glandular extension in red, and nerve
associated with the sub ventral glandular extension in green. FaRPimmunoreactivity associated with the dorsal gland (DG) was observed from
the dorsal glandular extension (DE) through the nerve ring (NR) and into the
metacorpal bulb (MCB). Immunolabelling was also observed within the
procorpus (Pc) but none was recorded around the dorsal ampulla (DA).
FaRP-immunoreactivity associated with the sub ventral gland (SVG) was
also observed from the sub ventral glandular extension (SVE) through the
nerve ring and into the metacorpal bulb, where it terminated posterior to the
pump chamber (PC) around the sub ventral ampullae (SVA).

Insert 1: A transverse section through the procorpus of the pharynx showing
the dorsal extension (DE) running parallel with the food canal (FC). The
muscles (Mu) of the procorpus can be seen along with the nerve (N) closely
associated with the dorsal extension, expressing FaRP-immunoreactivity
within the neurosecretory granules (Ng).

Insert 2: A longitudinal section through the metacorpal bulb showing the
pump chamber (PC) and radial muscles (Mu). These muscles surround the
vestibule (V) which links the sub ventral ampulla (SVA) and its valve
(SVAv) to the pump chamber. FaRP-immunoreactivity is observed within
neurosecretory (Ng) granules located between the muscle bundles of the
pump chamber and in the nerve which encompasses the sub ventral ampulla.
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Discussion

It is now widely recognised that neuropeptides comprise the largest family of
neurotransmitter molecules within the nematode nervous system. One family,
which shares the RFamide motif is the largest group known to fulfil a
neurotransmitter/modulatory role. This group, commonly known as FaRPs,
have been widely documented throughout the nervous system of nematodes
from a variety of niches including free-living (Rosoff el al., 1993), animal
parasitic (Cow'den et al., 1989; 1993) and plant parasitic nematodes (Atkinson
et al., 1988; Kimber et al., 2001).

Immunoreactivity to FMRFamide was recorded in over 70% of both A. smim
and C. elegans neurones and this was reciprocated in the nervous system of G.
pallida (Kimber et al., 2001). The presence of FaRPs in the central nervous
system, nerve ring and ventral and dorsal nerve cords is common across all
species studied indicating the central role that these neuropeptides play within
the worm. However, FaRPs have also been identified in other regions of the
nematodes neuronal network including the perianal nerve ring, the
reproductive structures and the main sensory apparatus and in all subtypes of
neurones including sensory, inter and motor. This indicates an extensive
dependence of neuronal transmission on these peptides throughout the
nervous system and providing yet further complications to the chemical
complexity of this system.

Previous immunocytochemical work by Kimber et al. (2001) had identified
the widespread distribution of FMRFamide neuropeptides within the worm’s
nervous system in the perianal ganglion and within the anterior region of the
nematode. It is in the anterior region that the majority of neurones are found
and inevitably the majority of FaRPergic staining occurs. The nerve ring as
well as dorsal and ventral ganglia including the ventral and dorsal nerve cords
were all strongly immunoreactive. There was also strong staining observed in
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the enteric nervous system which is connected to the nerve ring by two
interneurones (Brownlee et ai, 1994). This neuronal link plays an important
role in nematodes in that during feeding there is a cessation of overall body
movement associated with locomotion (Croll, 1972). The enteric nervous
system (ENS) includes the neural network which covers the posterior of the
metacorpal bulb, which was more developed along the dorsal plane. It was
from this dorsally-orientated development that Kimber et al. (2001) suggested
a single large neurone originated and continued central to the pharynx until its
termination below the stylet protractor muscle.

This pattern of immunoreactivity was consistent with those results obtained in
another plant parasite, Heterodera glycines, and indeed the majority of
nematodes. However, previous immunocytochemical studies on H. glycines
had failed to report the presence of a large central FaRPergic neurone within
the procorpus of the pharynx. Work by Kimber et al. (2001) identified the
extensively developed neuronal innervation of the pharynx of PCN and
suggested it reflected the muscular complexity associated with food uptake.

As a result of this work a number of hypotheses were proposed as to the
involvement of FaRPs in the innervation of the feeding apparatus of PCN and
also a potential role in chemosensory operations. The presence of a large
central neurone within the pharynx led to confusion as to whether this was
responsible for the innervation of the stylet protractor muscles or the dorsal
ampulla, which lay posterior to the base of the muscles. If the FaRPergic
nerves innervate the dorsal ampulla then could similar nerves be responsible
for the innervation of the sub ventral ampullae? If so, then these FaRPergic
nerves could be closely associated with any of the anatomical structures
responsible for the release of the ampullae contents into the food canal such as
the ampullae valves.
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Further questions were raised as to the innervation of the muscular pump
chamber and the network of nerves around it. Were these responsible for the
muscular contraction of the pump chamber or did this network simply provide
the lateral neurones associated with the fringe of the pharynx? What role
were these smaller FaRPergic neurones playing in the anterior of the worm?.
Were they innervating the pharynx or the stylet protractor muscles or were
they responsible for the stimulation of the amphids and chemosensation?

With these questions in mind the immunocytochemistry (ICC) work of
Kimber et al. (2001) was repeated but expanded by coupling it with electronimmunocytochemistry (EICC) in the hope that the increased detail at the
ultrastructural level would shed more light on the subject of FaRPergic
neuronal involvement in the regulation of feeding within G. pallida. The
immunostaining at the light level in this study was supportive of the
observations already made by Kimber et al. (2001). However, the detail of
the EICC allowed more accurate descriptions of the neuronal innervation of
the feeding apparatus to be made.

Procorpus
The dorsal glandular extension terminates just below the stylet protractor
muscle (SPM) cell bodies on a bend in a region of the food canal which
appears characteristic in G. pallida. The ampulla of the dorsal extension have
associated nerve which is packed with neurosecretory granules. This nerve
runs parallel to the dorsal extension and both can be traced back through the
MCB and nerve ring to the glandular lobes. It is this neurone, visualised using
ICC, that constitutes the large central nerve of the pharynx. However, using
EICC it is clear that this nerve does not originate from the neural net which
surrounds the MCB as suggested by Kimber et al. (2001).
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Neurosecretory granules from this nerve which follows the dorsal extension,
have been labelled with gold probes indicating the presence of FaRP
containing granules. The successful labelling of these granules from this
neurone was only achieved anteriorly as far the MCB. However, this may be
due to the rapid decrease in the size of the neurones upon entering the
procorpus from the MCB and, therefore, the associated reduction in numbers
of neurosecretory granules for the probes to bind to. Also, the FaRPergic
nature of the anterior region of this neurone has already been shown at the
light level using ICC. Although there is no evidence from this study of the
direct involvement of this neurone with the valve of the ampulla (unlike the
case in the sub ventral ampullae), there is strong evidence that this nerve,
laden with FaRPergic neurosecretory granules, plays a role in the regulation of
the release of the ampulla contents.

The neurone has been shown to contain FaRPs and that it stops short of the
base of the stylet protractor muscles around the dorsal ampulla. No further
neuronal connection was observed from this point to the SPM at either the
light or electron microscopic levels suggesting this nerve is responsible solely
for innervating the dorsal ampulla and the release of its contents. The
mechanism by which the valve is opened however, is less clear than that of
the sub ventral valves which are surrounded by the large muscles of the
metacorpal bulb.

Although the dorsal ampulla is surrounded by muscles these are not as
extensive as those recorded around the sub ventral ampullae. Lengths of
longitudinal muscle run in parallel with the dorsal ampulla; however, these
become less extensive the closer to the dorsal valve they reach. At the valve
itself there is little muscular presence within the procorpus, with only the ring
like muscle of the procorpus wall being evident. Another possibility for the
opening of the dorsal valve could be the contraction of the SPM just anterior
to the ampulla, which would force the valves open due to changes in internal
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pressure of the procoprus. At present we can not conclusively say which
method is responsible for the opening of the dorsal ampulla valves and are
therefore left to speculate. However, it does seem likely that the muscles
within this region will play a predominant role in any glandular secretions.

Metacorpus
The dorsal extension passes through the metacorpus between the muscle
bundles of the pump chamber. This extension is mirrored by the nerve seen in
the procorpus, which contains neurosecretory granules labelled with gold
probe indicating the presence of FaRP. It has been suggested in H. glycines
that two nerve processes associated with the dorsal glandular extension
terminate in a pair of perikaryons located in the metacorpus (Baldwin et al.,
1977). The presence of secretory nerves in association with amphids in
Tylenchorhynchus dubius has led to suggestions that ampullae contents are
made fluid by neurosecretions or neurotransmitters released during the
salvation phase of feeding (Anderson and Byers, 1975). Indeed, in second
stage infective juveniles of H. glycines, dense accumulations of secretory
granules lies along the length of these neuronal processes with broad
intermembrane contact with the dorsal gland extension, supported by the
presence of synaptic junctions (Endo, 1984). This supports the findings of
Baldwin (1973), Anderson and Byers (1975) and Baldwin et al. (1977) that
neurosecretory products may enter the dorsal gland extension.

Although no synaptic junctions were observed between the dorsal extension
and its closely associated nerve in this study, such regulation of secretory
products may also occur within G. pallida. However, having identified the
presence of FaRP labelled neurosecretory granules within the nerves
associated with the valves of the sub ventral ampullae, it would suggest that
these nerves may play a role in regulating the release of such secretory
products through neuronal regulation of the valve activity.
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Pump chamber
Nerve processes were also closely associated with the paired muscle bundles
of the pump chamber. Between these muscle bundles, neurosecretory
granules were found which were labelled indicating the presence of FaRP.
This suggests a role for FaRPs in the regulation of muscle contraction of the
pump chamber. The presence of FaRPs was also indicated in a nerve within
the metacorpal bulb muscle bundles at the light level by Kimber et al., (2001)
and the nerve labelled at the electron microscopic level may be part of the
extensive neural net observed at the light level.

Sub ventral ampullae and valves
The sub ventral glandular extension (SVGE) terminates in the posterior region
of the metacorpal bulb. Like the dorsal glandular extension, it is closely
associated with its own neuronal processes. As the SVGE swells forming
ampullae, the nerve surrounds the ampullae running directly to the sub
ventral ampullae (SVA) valves and vestibule, which connects the ampullae to
the pump chamber. The nerve around the SVA is much more extensive than
the single neurone of the dorsal ampulla (DA), which completely
encompasses the structure and is packed with neurosecretory granules that are
FaRP-immunopositive. Like the DA valves, the SVA valves are tetra-radiate
and similar to those in several other nematode species (Bird, 1969; Endo and
Wergin, 1973; Anderson and Byers, 1975; Baldwin et al., 1977; Shepherd et

ai, 1980).

There are two SVA valves, one for each ampulla and each opens into an
elongated cuticularised vestibule which is triangular in cross section. Within
this vestibule, neurosecretory granules have been observed labelled with
probes indicating the presence of FaRPs. This implies a direct role for FaRPs
in the regulation of these SVA valves and release of secretory products into
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the vestibule. The entire region of the valves and vestibule is supported
within the radial muscle of the pump chamber and it is between these muscles
and the membrane of the ampullae that the nerve is located. This glove of
neurones, which surrounds the SVA, may stimulate the surrounding muscle to
contract increasing the turgor pressure of the ampullae and opening the valves
allowing the contents to enter the vestibule. The same muscles would also
cause the opening of the pump chamber, facilitating the forward flow of the
SVA products associated with pumping.

Other suggestions for the function of the valves in H. glycines (Endo, 1984)
and in T. dnbius (Anderson and Byers, 1975) have been changes of turgor
pressure of the ampullae contents and the movement of nucleated cells with
sclerotized regions around the base of the valve, thus causing the release of
the products. Whatever way the valves are manipulated, due either to external
or internal forces, it is clear from the prominent and imposing presence of
FaRPergic nerves in the immediate vicinity that FaRPs play a significant role
in the release of the secretory products from the SVA.

Glandular lobe
The dorsal and sub ventral glands produce the secretory granules which
accumulate at their respective ampullae. At the site of synthesis within the
sub ventral gland (SVG), the membrane bound secretions are opaque in
appearance being synthesised by free ribosomes and packaged by Golgi
complexes. As these secretions move anteriorely, via the action of
microtubules in the glandular extensions, they appear to develop a dense core,
graduating to a translucent periphery, especially in the ampullae. This
modification of the granules is believed by Baldwin (1973) to be the response
to the action of neurosecretions released by adjacent neural processes at the
ampullae. In contrast, Endo (1984) suggests that this change is brought about
by membrane to membrane contact between the secretions.
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The secretory granules of the dorsal gland are extremely electron-dense and
not as prevalent in the gland as those in the SVG. Their appearance does not
change from the site of production to the ampulla. Gland secretions move
through the nerve ring in their respective extensions around the tri-radiate
food canal. The nerve ring encompasses the extensions posterior to the
metacorpal bulb. FaRPs have also been localised to neurosecrehons within
the nerve ring, a finding supported at the light fluorescence level through
immunofluoresence studies by Kimber el al. (2001). As the glandular
extensions continue in an anterior direction, two neural processes can be seen
in close association but separate from the nerve ring. One neurone associated
with the dorsal extension and one with the sub ventral extensions. Both the
dorsal and ventral nerves are packed with neurosecretory granules,
immunopositive for FaRPs. These two nerves can be traced from the nerve
ring into the MCB and to the ampulla/e of each of the extensions.

Support for FaRPergic innervation

The likelihood of FaRP involvement in the regulation of the feeding apparatus
and in particular the enteric nervous system of the pharynx, is strong. The
anatomical presence of FaRPergic nerves with specific relationships to such
vital structures, within the feeding system, such as the muscular bulb and the
valves of the ampullae, are clear indicators of the importance of neuropeptides
to these functional systems. Also, a wealth of additional information, showing
the physiological effect of FaRPs on the pharynx of free-living and animal
parasitic nematodes supports the hypothesis that FaRPs are fulfilling a
neurotransmitter/modulatory role within G. pallida.

FaRPs have been studied in detail in the model organisms A. suum and C.
elegans, highlighting the diverse roles that structurally similar peptides can
play within the same or separate functional systems, i.e. body wall muscle.
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ovijector etc. The pharynx is one of the most important systems within
nematodes, being responsible primarily for food ingestion. The muscular
arrangement of this specialised structure is complex and is matched only by its
own separate nervous system. The chemical content of this neuronal system
is complicated, involving cholinergic, serotoninergic and peptidergic
components (Brownlee et al, 1994; 1996) with their individual functions still
not fully understood.

The pharynx of A. suum has been described as having 90% of its neurones
FaRP-immunopositive (Cowden el al., 1993). As a result, it is unsurprising
that FaRP localisation such as (KNEFIRFamide) API, has been identified in
neurones of the A. suum pharynx (Cowden et al., 1989) co-localised with 5HT (Davis and Stretton, 1996). Brownlee and Walker (1999) reported that
AF1 (KNEFIRFamide) modulated pharyngeal pumping elicited by 5-HT and
that another

FaRP, KSAYMRFamide (AF8), potently inhibits 5-HT

stimulated pumping leaving the muscles contracted (Brownlee et al., 1995).
In fact, the action of this FaRP is complex, with bi-phasic effects on
pharyngeal pumping causing an increase in muscle contraction followed by an
inhibition. The nature of FaRP involvement in pharyngeal innervation is,
therefore, very complex.

A prominent role for FaRPs in the regulation of the pharynx of the free-living
nematode C. elegans, has also been well documented. Work by Rogers el al.
(2001) suggests that neuropeptides regulate the activity of the pharynx in
response to food. Both the FaRPs, AF1 and AF2, which have an inhibitory
action on the pharyngeal muscle in A. suum, have an excitatory action on C.
elegans pharyngeal muscles (Walker et al., 2000). The contrast in action is
very interesting between these species indicating that there is homology
between the neuropeptides of both species, even though they express
themselves in separate ways in varying neuronal systems. The other FaRPs,
AF3 (AVPGVLRFamide), AF4 (GVDPGVLRFamide), PF1
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(SDPNFLRFamide) and PF2 (SADPNFLRFamide) appeared to have no
apparent effect on pharyngeal muscle pumping in C. elegans (Walker et al.,
2000).

Further evidence that FaRPs are involved in the innervation of the C elegans
pharynx came from the discovery offlp genes encoding FaRPs within the
enteric nervous system. It is believed that the excitatory action of AF1 is
mediated indirectly via the neuronal circuit controlling the pharynx. The flp
genes /7p.v-2- 4 and 13 have all been identified as being expressed within the
pharyngeal intemeurone 15 (Rogers et al., 2001). Also flp-l is expressed
within the pharyngeal motorneurone M5 (Nelson et al., 1998).

Not only has FaRP innervation been strongly implemented within the
regulation of nematode pharyngeal activity but it also has been reported
within the reproductive and sensory structures of a number of worms. The
innervation of the vagina vulva and its associated papillae by nerves
containing FMRFamide have been described in various free-living nematodes
(Sharpe and Atkinson, 1980; Leach, Trudgill and Graham, 1987; Atkinson et

al., 1988). As with the pharynx, there is a co-localisation of classical
neurotransmitters within the neuronal components of these systems.

A similar localisation of FaRPs was also expressed within the nerve plexus
which extends over the outer surface of the ovijector of A. suum (Smart el al.,
1992; Brownlee, Fairweather and Johnston, 1993b; Fellowes et al., 1999;
Moffet et al., 2003). The intrinsic rhythmical activity of the vagina vera of A.

suum being modulated by a variety of FaRPs and neurotransmitters (Fellowes
et al., 1998) suggests that FaRPs play a prominent role in the reproductive
system. The parasitic nematodes reproductive structures therefore, contain
non-FaRPergic neuronal components to their nervous systems, implying a
complement of chemical innervation in both the reproductive and pharyngeal
systems.
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FaRPs have also been identified within neurones associated with the sensory
apparatus in a number of species including^, suum (Brownlee etai, 1993a)
and C. elegans (Schinkmann and Li, 1994). A number of smaller neurones
have been identified around the periphery of the pharynx of G. pallida which
have stained positive for the presence of FaRPs. These neurones extend past
the large central neurone associated with the dorsal ampulla and appear to
terminate around the amphidial region near the base of the stylet protractor
muscles (SPM). It is unclear whether these neurones innervate the SPM or the
amphids, however, with evidence suggesting a role for FaRP involvement
within the sensory apparatus of other worms, the later seems a real possibility
within PCN.

The anterior region of G. pallida has been shown to have an extensive
distribution of FaRPergic neurones within its central and enteric nervous
systems, as previously reported within free-living and parasitic nematodes.
The localisation of FaRPs, within nerve associated with the pharynx and
specifically the muscles of the metacorpal bulb and sub ventral ampullae
valves, suggests that this family of peptides play a role in the regulation of
feeding within the worm. Physiological studies have already shown that
FaRPs modulate muscle contraction within a number of different systems,
including the pharynx of nematodes (Brownlee and Walker, 1999; Fellowes et
al., 1998). In addition to the role these peptides play in G. pallida they also
may regulate the release of the secretory products essential to the nematodes
penetration of a plant root system and the establishment of a successful
feeding site.
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Chapter 4
Comparative analysis of classical
neurotransmitters md flp genes in Globodera
pallida
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Abstract
The anterior nervous system of Globodera pallida was screened
immunocytochemically for the presence of serotonin and glutamate.
Although the co-localisation of classical and peptide signalling molecules
within the pharynx and amphids of G. pallida was not proven unequivocally,
serotonin staining was observed within two sinusoidal shaped neurones of the
pharynx which may originate from paired ceil bodies situated posteriorly to
the metacorpal bulb. Intense labelling was also recorded within the central
nerve ring, dorsal and ventral ganglion. Posterior to these ganglia another
cluster of cells were immunopositive and are believed to represent the retrovesicular ganglion. Immunopositive staining of the pharynx was also
observed for glutamate, although this was restricted to a single neurone which
extended from the metacorpal bulb to the base of the stylet. Staining was also
recorded in two flanking neurones believed to be associated with the amphids
although the origins of these and the pharyngeal neurones were not observed.
Electron-immunocytochemistry failed to confirm the staining observed at the
light level, although immunolabeHing for serotonin was observed within the
amphids of the worm. This staining was concentrated within the socket cell at
its junction with the underlying sheath cell; however, no immunolabelling was
observed in the membrane bound neurosecretory vesicles. The
immunostaining was specific to the amphid and large reservoir like-structures
located laterally within the anterior of the worm. Also the expression sites of
four///? genes previously identified within G. pallida were localised using
fluorescent in s/7w-hybridisation (FISH), the objective being to integrate the
previously identified expression sites using confoca! microscopy. The
expression offlp- 6, 12 and 14 were observed within sites previously
identified, with flp-\ being localised to neurones not previously reported. The
majority ofjlp expression sites were recorded within intemeurones, with flp-6
being observed within paired cell bodies in the tail region of the worm and flp12 being localised to paired cells within the mid region. flp-\A expression
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was observed in motorneurones in two locations in the anterior region of the
worm whiley//?-! was identified within a sensory neurone in the mid region.
The localisation offlp expression within all types of neurones in the nematode
supports the hypothesis that FaRPs modulate a wide range of behavioural
activities.
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Introduction
Observations reported in chapter 3 identified the extensive distribution of
FMRFamide-rclatcd peptides (FaRPs) within the enteric nervous system of
Globodera pallida. The presence of FaRPs is also recorded within nerves
which run laterally along the periphery of the pharynx and which are believed
to be involved in sensory perception and associated with the amphids.
Comparison of FaRP neuropeptide localisation within the pharyngeal system
of other nematodes compared to classical neuroransmitters, revealed that
FMRFamide-related peptides although prevalent, were not solely responsible
for the neuronal inneravation of pharyngeal activity within G. pallida.

Immunocytochemical studies on the nematodes Ascaris suum and
Caenorhabditis elegans have revealed co-localisation of both classical
transmitter and neuropeptide components within the enteric nervous system
(ENS). More importantly physiological studies revealed that the action of the
endogenous classical neurotransmitters was often modulated by FaRPs e.g. 5HT stimulated pharyngeal pumping is inhibited by AF8 (KSAYMRFamide)
(Brownlee el al., 1995). This therefore identified a dependent relationship
between these two signalling molecules. This relationship was not as well
documented within the anterior neuronal network of plant parasitic nematodes
as those of the model worms. As a result this warranted closer examination to
identify the spatial relationship between these different classes of signalling
molecules of G. pallida.

Two classical neurotransmitters were chosen which had been well
documented as being prevalent within the pharyngeal nervous network and the
amphidial neurones. These transmitters have also been identified as fulfilling
chemosensory roles within neurones being responsible for pharyngeal
modulation and involvement within sensory perception. Serotonin (5-FIT) is
known to be prominent within the nervous system of nematodes and plays an
important role in many key functional systems within the worm from
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locomotion to feeding (Avery and Horvitz, 1990; Raizen and Avery. 1994,
Sze et ai, 2000) and reproduction (Horvitz et ai, 1982; Waggoner et al.,
1998; Loer and Kenyon, 1993). 5-HT has been localised within the ENS of
both C. dcgans (Horvitz et ai, 1982) and A. suum (Johnson et ai, 1996) and
has been shown to exhibit an excitatory affect over pharyngeal pumping.
Evidently 5-HT is therefore abundant within the enteric nervous system of
nematodes, playing an excitatory role, the direct opposite to its affect on
locomotion and somatic body wall muscle.

5-HT has also been linked with the main sensory apparatus in the anterior of
nematodes, the amphids. These structures play a pivotal role in the orientation
of the worm and its perception of its environment. Secretions from these
structures are believed to be involved in the chemoreception process of the
worm (Zuckerman and Jansson, 1984) with stimuli being received in the
socket cell at the base of the amphidial pit. These stimuli are then transferred
via the underlying sheath cell to the nerve ring via interneurones. A
homologue of the neurotransmitter 5-HT has been shown to stimulate
secretions from the amphids (Fioretti et ai, 2002) indicating a role for the
transmitter in chemosensation.

Likewise the amino acid neurotransmitter glutamate (GLU) is also commonly
found throughout the nematode nervous system and, like 5-HT, has been well
documented as playing a role within pharyngeal modulation. Like serotonin,
GLU fulfils a regulatory role within the ENS of both C. elegans and A. suum
having an inhibitory affect on pharyngeal pumping (Martin, 1996; Li et ai,
1997). The role of GLU within locomotion and its effect on somatic muscle is
less clear with the neurotransmitter believed to both inhibit and stimulate
somatic muscle (Walker et ai, 2000; Feiiowes et ai, 2000). GLU has also
been linked with the neuronal innervation of the amphids. GLU gated ion
channels have been implemented in sensory encoding in C. elegans (Chao and
Hart, 2003) with GLU gated currents being identified by Mellem et ai, (2002)
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within interaeurones associated with the sensory apparatus. This suggests a
role for GLU within signalling in the neurones of the sensory system and,
therefore, a role in the perception of the worm’s environment.

One aim of this chapter will be to identify the presence of neurones within the
enteric and sensory nervous systems that stain positive for these classical
neurotransmitters using immunocytochemistry. This will allow the
comparison of peptidergic and non peptidergic neurones within the anterior of
G. pallida and allow the identification of any nerves that show co-localisation.
Using the information from the light level as a guide, the identification of 5HT and GLU expression at the sub-cellular level will be attempted using
electron immunocytochemistry within the anterior region of the worm. This
will allow a more accurate assessment of the roles played by these transmitters
within these systems.

In an attempt to understand the role that FaRPs play within the complex
network of nerves around the pharynx and indeed within the chemically
complex signalling system, work was carried out by Kimber et al. (2002)
using in situ hybridisation (ISII) to localise the regions offlp gene expression.
Five flp genes, which encode some 14 peptides, were examined. These were
subsequently re-named to conform to C. elegans nomenclature flp 6 -12 -14 -1
-18 respectively.

Expression of these genes was identified throughout the nervous system in a
wide variety of neurones including the central nerve ring, perianal nerve ring
and various ganglia, flp -6 was located to the centra! nerve ring along with the
perianal nerve ring while flip -12 was identified within the retrovesicular
ganglion, perianal and lumbar ganglia, flp -14 was largely associated with
motorneurones in the head while //p- 1 was confined to the retrovesicular
ganglion;/?/? -18 failing to stain. This suggested a broad role for FaRPs
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throughout the worm, with modulatory roles in movement, reproduction,
sensation and feeding.

To complement and expand previous studies, fluorescent in situ hybridisation
(FISH) was employed to examine the involvement of FaRPs in feeding. This
technique has the potential to provide more detail of the staining and location
of the neurones within the nematode. The possibility of being able to localise
specific FaRPs to a nerve of known function i.e. opening of an ampulla valve,
provides a chance to understand the exact roles individual peptides play. This
information may provide clear evidence for the potential of FaRPs as novel
targets for the control of parasites.
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Materials and Methods

Electron-immunocytochemistry

Methods employed in this chapter have previously been described in detail in
chapter 3 with the exception of the primary and secondary antibody as
described below.

The grids where incubated in droplets of rabbit primary antiserum raised to
Glutamate/ Serotonin. These were diluted to 1:5000 in BSA/Tris-HCL and
incubated for 12 h at room temperature for serotonin and a range of
concentrations for Glutamate from 5k to 100k.

The secondary antibody constituted a gold-conjugated goat anti-rabbit IgG
antibody (Biocell, Cardiff). Grids were incubated for 2 h at room
temperature.

Controls included

i

omission of the primary antibody

ii

preadsorption of the primary antibody with the original antigen forming a
complex thus providing no site for the secondary antibody to bind

1 mmunocytochemistry
Immunocytochemistry methodology has been described in detail previously in
chapter 3 with the exception of the primary and secondary antibody as
described below.

173

The primary antibody constituted a rabbit anti Glunate/Serotonin (dilution
] :500 in AbD) with the tissue incubated for 55 h al'C. The tissue was then
washed overnight in AbD followed by further incution in FITC-labelled
secondary antiserum (swine anti-rabbit; SWAR) atworking dilution of
1:100 for48 hat4°€.

Controls included

i

omission of the primary antibody

Probe synthesis

Poly(A)+ RNA was extracted from 70 mg of freshhatched Globodera
pallida J2 using Tnzol (Invatrogen) and used to syresise first strand cDNA
using the SMART RACE cDNA Amplification KiPromega). PCR primers
were designed to amplify a 200-250 base pair regidfom four of the five G.
pallida flp genes identified to date (Table 1) and us to generate a probe
template from this cDNA. Each PCR reaction comscd 1 pi of each primer
(1.6pM), 2 pi cDNA; 5 pi lOx PCR buffer (Promeg 3 pi MgCb (1.5 mM
Promega); 1 pi deoxynucleoside triphosphate (dNl mix (0.2 mM Promega);
36.7 pi sterile distilled water; 0.3 pi Taq DNA poljerase (Promega). The
cycle profile used was an initial denaturation phase'95°C for 5 min,
followed by 40 cycles of 94 °C for 30 s, 61 °C for is and 72°C for 1 min
v/ith a final extension of 72 °C for 7 min. The PCRoduct was gel purified
and approximately quantified by electrophoresis orl .2 % agarose gel
containing 0.005% (v/v) ethidium bromide (10 mg/).

The preparation of both sense and antisense probesvolved separate
asymmetrical PCR reactions using only sense or anense primers
respectively. 2 pi of the original PCR product i.e. t template, were added to
a PCR tube followed by 2 pi of either sense or antisse primer, depending
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upon the type of probe required. The other components of these asymmetric
PCRs were as follows: 2.5 p! of lOx PCR buffer (Promega); 3.0 pi of MgClz
(1.5mM: Promega); 2.0 pi of DIG labelled dNTP mix (Roche Diagnostics);
0.3 pi of Taq DNA polymerase (Promega) and 13.2 pi of sterile H2O. The
cycle profile used for the asymmetric PCRs was the same as that for the
template PCR. The PCR product was gel purified and approximately
quantified by electrophoresis on a 1.2 % agrose gel containing 0.005% (v/v)
ethidium bromide.

Table 1

Primers for G. pallida flp genes 6, 12, 14 and 1

Primer Sequence S'-S1

Description

GTC AAC GTT TTC GTC TTC GGG CGG

flp-6 antisense

GCA CGC TTC CCT GGC ATG GA

///)-6 sense

GGA GCT CAA GTG CGC CCA AAA GTC

flp-12 antisense

GCT TCT GAT GCT GTC GGG TGT CAA

flp-\2 sense

ATC GCC TCC GGC AAG CTG TGT GC

Jlp-\4 antisense

CCC TTT CTT CAC TGC TTC ATC GGG G

flp-\A sense

GGA TGG AGA GAA GCG AGT TCG GC

flp-1 antisense

GCG GCC TCG ACG ATG ACG AAG C

flp-\ sense

In situ hybridisation

Freshly excysted worms were collected and washed in tap water before being
fixed in 4% paraformaldehyde (PFA) in M9 buffer (or for fluorescent in situ
hybridization the worms were fixed in 4% PFA in 0.1 M phosphate buffered
saline (PBS). The worms were chopped randomly using a clean razor blade
following 2 h fixation and allowed to fix for a futher 2 h. After 4 h the worms
were washed in M9 buffer (3 x 5 min) and permeabilised using proteinase K
[26.4 pi (19 mg mfl) in 1 ml M9 buffer] (Roche Diagnostics) for 20 min on a
rotator at room temperature followed by incubation in deep frozen ice for 15
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min after two washes in M9 buffer and brief incubatims in methanol (-20UC
30 sec) and acetone (-20 °C 1 min). Acetone was thei removed from the
pellet until approximately 100 pi was left and 100 pi )EPC-treated w'ater w'as
added to rehydrate the worms. The worms were then horoughly washed in
500 pi of hybridisation buffer which had been warmel to 50 °C and then
resuspended in 150 pi of fresh hybridisation buffer (cmstituents per 200ml;
Deionized formide (Sigma) 100ml, 20x SSC 40ml, l'% Blocking Agent
(Boehringer Mannheim) 20ml, 20% SDS 20ml, lOOXDenhardt’s 2ml, 0.1M
EDTA pH 8.0 2ml, Salmon sperm DNA (lOmgmT' Sgma) 4ml, Yeast tRNA
(SOOUmf1 Sigma) 1.25ml, DEPCI-treated water 10.7 ml). prior to pre
hybridization for 15 min at 50°C. Digoxigenin labelld probes (20 pi)
prepared as specified earlier were heat denatured for 0 min at 95°C on a heat
block thermal cycler and then cooled directly on ice bfore being diluted 5X
with 80pl of hybridistaion buffer before being added a the worm pellet. The
worms were hybridised at 50 °C overnight before behg washed (3x15 min)
in 4 x Saline Sodium Citrate (SSC) at 50°C then (3 x .0 min) washes on 0.1 x
SSC/0.1 % SDS at 50°C without a buffer wash or RN/se digestion.

Delection (FISH)

Nematodes were washed with 0.2% Tween-20 in 2X ISC for 1 min and then
incubated for 30 min w'ith 1% Boehringers blocking ragent in lx PBS. The
nematodes were then incubated for 2 h in alkaline phephatase conjugated anti
DIG antibody, diluted 1:25 in lx PBS, at 4°C overnigit on a rotator, covered
in tin foil. From this step onwards the nematodes wen kept covered in tin foil,
in the dark, minimizing exposure to the light. The nenatodes were then
washed 3x5 min, at room temperature, in 0.2% Tweei 20 in 2x SSC. Next
the nematodes were incubated overnight at 4°C in 50p of secondary antibody
anti mouse Ig DIG solution, diluted 1:25 in lx PBS. Pillowing this the
nematodes were washed, 3x5min washes, at room teimerature, in 0.2%
Tween 20 in 2x SSC. The nematodes were then incub.ted overnight at 4°C in
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SOul of tertiary antibody anti DIG florescin solution, diluted 1:25 in lx PBS.
Following another 3x5min washes, at room temperature, in 0.2% Tween 20 in
2x SSC, the nematodes were centrifuged and the supernatant removed.

Mounting
Specimens were resuspended then mounted on glass microscope slides
covered with PBS/glycero! (1:9 pH 7.4) containing antifade (1,4-diazabicyclo{2.2.2}-octane, [2.5% w/v]) and sealed with nail varnish before being viewed
under a Leica TCS NT eonfocal scanning laser microscope (Leica
Microsystems, Milton Keynes, UK).
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Results
The anterior region of the nematode was stained using an antiserum raised
against 5-HT and revealed that the pharyngeal region of the worm
expresses high levels of this neurotransmitter (Fig. 4.1). Like FaRPs, 5-FIT
was widely expressed within the circumpharyngeal nerve ring and associated
processes. Staining was seen in the region posterior to the metacorpal bulb
(MCE) where the nerve ring is located, however more extensive staining can
be seen in the plane above and below the nerve ring. Below the nerve ring
two large individual gr oups of cells were observed and were immunopositive
for 5-HT. Within these two large processes individual ceil bodies can be seen
characterised by intense areas of labelling. The location of these large clusters
of cells posterior to the nerve ring and on either side of the wonn, with one
slightly anterior to the other suggests these may constitute the dorsal and
ventral ganglion (Fig. 4.2). Below these twin structures another large process
can be seen intensely labelled for 5-HT. Located on the ventral side of the
worm just posterior to the ventral ganglion this may be the retro-vesicular
ganglion (Fig 4.2).

From the dorsal and ventral ganglia two separate neural processes can be seen
extending up through the nerve ring towards the base of the MCB to what
appears to be two groups of cells orientated dorsally and ventrally. These two
groups of cells arc located around the muscular posterior of the MCB which
includes the isthmus and are connected to each other via a commissure (Fig.
4.2). From these two bulb based gatherings two neurones can be seen
extending in an anterior direction both dorsally and ventrally (Fig. 4.3). These
extensions meander through the muscular bulb and continue on through the
procorpus towards the stylet protractor muscle (SPM) in the anterior of the
worm. The neurones take on a wave-like form within the pharynx similar to
that of the food canal (Fig. 4.4). The two neurones appear to terminate just
posterior to the SPM like the FaRPergic nerve associated with the dorsal
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ampullae. There is also faint staining observed within the anterior MCB and
posterior procorpus to suggest that a third neurone is present staining for 5-HT
(Fig. 4.1). However the source of this nerve was not observed and its
presence is less conclusive.

Immunoctyochemistry of the anterior region was also perfonned using
antisera raised against glutamate (GLU). The immunoreactivity for GLU was
not as extensive within the anterior of G. pallida as 5-HT with no staining
being observed within the nerve ring or associated ganglia.

A strongly stained central neurone is the only neural contingent of the pharynx
to express immunoreactivity (Figs. 4.5, 4.6). This neurone appears to
originate below the MCB and make its way to the base of the SPM in the
procorpus. This neurone is central to the pharynx and does not undulate in a
sinusoidal manner similar to those of 5-HT and the FaRPergic nerve.
However, unlike 5-HT, GLU staining was observed outside the periphery of
the pharynx in what appears to be lateral nerve associated with the amphids
(Figs. 4.7, 4.8). The origin of this nerve was not observed but the lateral
nature of the nerve and its continuation past the base of the SPM into the
amphidal region would suggest these are sensory nerves. The staining of
these two neurones was not observed further posterior than the procorpal
region.

In an attempt to appreciate what was happening at a sub-cellular level with
regards to the presence of neurotransmitters in pharyngeal and sensory'
neurones, electron-immunocytochemistry (EICC) was carried out using both
5-HT and GLU. The anterior region of G. pallida was sectioned and viewed
for neurotransmitter presence in regions of the anterior worm where
immunoreactivity has already been observed.
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GLU labelling was not achieved at the electron-microscopic level due to non
specific staining. Specific 5-HT labelling was observed, but in regions where
GLU and FaRP-immunoreactivity was not seen. 5-HT was not observed
within the pharynx of the worm but was localised to the socket cells of the
amphids. The cuticle lined socket cells open to the exterior of the wonn
through the amphidial pit and relay information to the underlying sheath cells
(Fig. 4.9). 5-HT was found within the socket cells concentrated at their base
closest to the sheath cells, in structures resembling secretory granules that
appear electron dense (Fig. 4.10). This material surrounds structures that
could be foldings of neuronal tissue from the underlying sheath cells (Fig.
4.11); however, the exact nature of these structures is unknown. No labelling
was found within the sheath cells.

5-HT labelling was also found running laterally down the worm next to the
somatic body wall muscle in what seems to be large pocket-like reservoirs
(Fig. 4 12). These contained large amounts of an unbound electron-dense
compound which labelled strongly and specifically for the presence of 5-HT.
These structures were traced posteriorly past the MCB to the nerve ring where
they seemed to terminate. 5-HT labelling was observed throughout these
structures.

Using digoxigenm-labelled singled stranded DNA probes with anti-DIG
florescin the sites offlp gene transcription were localised forJlp-6, jlp-\2,jlp14 and ///?-1 using fluorescent in sfrw-hybridisation. flp-6 was recorded within
the perianal nerve ring in what appears to be two cel! bodies positioned
anterior-posterior to each (Figs. 4.13, 4.14, 4.15), although these are actuallypositioned adjacent to each other within the worms perianal ganglion. A
conclusive identification of these cell bodies cannot be given due to the large
number of cells identified within this region of C. elegans including PHA,
PVQ, LUA, PHB, ALN and PVC. However it is believed the staining is
observed within the intemeurones PHA and PHB. No staining was observed
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in the negative control using the sense strand although irregular fluorescence
was occasionally observed (Fig 4.16).

flp-12 was expressed a third of the way along the worm from the anterior most
tip and appeared in two almost spherical cell bodies again one posterior to the
other (Fig 4.17). These two cell bodies were strongly labelled and were
located laterally on either side of the worm (Fig. 4.18, 4.19). These pair of
neurones are believed to be the BDU intemeurones that send processes to the
CNR (White et ai, 1986) and is one of the most highly branched nerve cells
in C. elegans running along the excretory canal and into the nerve ring. No
staining was observed with the negative control sense strand (Fig. 4.20).

flp-\4 was expressed in a group of cell bodies anterior to the
circumpharyngeal nerve ring, possibly in the anterior ganglion. These cells
could correspond to a group of RME class motorneurones identified in C.
elegan.s (White et al., 1986); the neuromuscular junctions located within the
nerve ring innervate head muscles (Fig. 4.21). This class includes four cells
comprising the RMED (mid dorsal), RMEV (mid ventral), RMEL (left lateral)
and RMER (right lateral) with each sending out two processes which run in
opposite directions around the nerve ring, forming neuromuscular junctions at
the distal side. The two cells which are likely to have stained using FISH are
either the RMED or RMEV cells, with both sending an extra process down
their respective nerve cords as well as around the nerve ring. Staining was
also expressed in two lateral groups of cells located posterior to the MCB
either in or just below the CNR (Figs. 4.22, 4.23). These two groups of cel!
bodies are believed to house the RMG and ADA neurones. Again no staining
was observed with the negative control sense strand (Fig. 4.24).

flp-1 was expressed in a pair of cell bodies mid way down the worm (Fig.
4.25). These cell bodies are believed to be those of the ALM neurones and
part of the mechanosensory network that includes the PLM neurones. There
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processes are filled with large diameter filled microtubules which are required
for mechanosensation. The process of the ALM cell body extends anteriorly
into the nerve ring where they synapse, predominantly pre-synaptically to
intemeurones and command interneurones like AVD, which control
locomotion. Like the previous three genes, negative controls using sense
strand probes were not stained (Fig. 4.26).
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Legends
Figs. 4.1-4: Confocal Scanning Laser Micrographs (CSLM) representing
serotonin (5-HT) immunoreactivity in the anterior region of Globodera
pallida. Nerve staining is shown in green with muscle represented by red.
Fig. 4.1: CSLM of a whole mount anterior region of G./rar/Zida. This image
shows the extensive distribution of 5-HT neurotransinitter (green)
throughout the nervous system from the base of the stylet protractor muscles
(SPM) through the procorpus (Pc) and metacorpal bulb (MCB) into the
circumpharyngeal nerve ring (CNR).

Fig. 4.2: CSLM of a whole mount anterior region of G. pallida. This image
shows the region around the metacorpal bulb (MCB) with extensive 5-HT
staining observed within the circumpharyngeal nerve ring (CNR) and
associated ganglia. The three large groups of cells below the nerve ring are
the paired dorsal ganglion (DG) and slightly posterior is the ventral ganglion
(VG), while more posterior to this is the retrovesicular ganglion (RVG).
Immediately posterior to the MCB two cell bodies are located which appear
to be the cell bodies (NCB) of the neuronal processes (N) observed entering
the procorpus, these two cell bodies are linked with a commissure. There
also appears to be third neural process entering the procorpus, however this
was not as conclusive as the other two.

Fig. 4.3: CSLM of a whole mount anterior region of G. pa/Z/tZa. This image
shows two separate neuronal processes (N) expressing 5-HT running
posteriorly from the base of the stylet protractor muscles (SPM) through the
procorpus and into the metacorpal bulb (MCB).

Fig. 4.4: CSLM of a whole mount anterior region of G. pallida. Again this
image shows the two neural processes (N) extending from the metacorpal

bulb (MCB) to the base of the stylet (SPM) with the nerve showing a
sinusoidal appearance in this worm.
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Figs. 4.5-8: Confocal Scanning Laser Micrographs (CSLM) representing
glutamate (GLU) immunoreactivity in the anterior region of Glohodera
pallida. Nerve staining is shown in green with muscle represented by red.

Fig. 4.5: CSLM of a whole mount anterior region of G. pallida. This image
shows the expression of (GLU) within a central nerve (N) running from the
metacorpal bulb (MCB) throught the procorpus terminating posterior to the
sty let protractor muscles (SPM).

Fig. 4.6: CSLM of a whole mount anterior region of G. po/Z/r/a. This
image again shows the presence of a central nerve (N) positively stained for
the presence of GLU. This nerve runs from the base of the stylet muscles
(SPM) posterior through the procorpus to the base of the metacorpal bulb
(MCB) where it appears to terminate.

Fig. 4.7: CSLM of a whole mount anterior region of G. pallida. This
image shows the presence of two lateral nerves (N) immunopositive for
GLU. These two nerves extend from the procorpus past the stylet protractor
muscles (SPM) into the amphidial region (A) of the worm.

Fig. 4.8: CSLM of a whole mount anterior region of G. pa/Z/r/a. This
image shows the GLU positive lateral nerve (N) moving anteriorly past the
stylet protractor muscles (SPM), and the absence of any visible GLU
positive nerve around the metacorpal bulb (MCB).

Figs. 4.9-12: The following electron micropgraphs are longitudinal sections
through the anterior region of the plant parasite G. pallida showing
immunopositive gold labelling of 5-HT within the amphids.

Fig. 4.9: A longitudinal section of the anterior region of G. pallida showing
the upper most region of the amphidial canal. The junction (J) between the
sheath cell (Sh) which runs laterally between the stylet protractor muscles
and the somatic body wall muscle and the socket cell (S) can be seen. The
socket cell then runs anterior through the cephalic framework (Cp) to the
exterior of the worm. Scale bar = 1pm

Fig. 4.10: A longitudinal section through the most posterior part of the
socket cell showing the junction (J) with the sheath cell. Structures which
may be folded neuronal tissue (nt) from the sheath cell can be seen
surrounded by an electron-dense material, some of which appears packaged
in granules (G), labelled for the presence of 5-HT. Scale bar = 0.5pm

Fig. 4.11: A longitudinal section through the socket cell showing elongated
membrane-like sacs (Em) normally associated with microvillar nerve
processess projecting in an anterior direction.
Scale bar = 0.5 pm

Fig. 4.12: A longitudinal section of the anterior of G. pallida showing large
pockets (P) of unbound electron-dense material which are labelled for 5-HT,
positioned laterally within the worm. These pockets can be traced from the
stylet protractor muscles (SPM) posteriorly to the central nerve ring.
Scale bar = 2pm

188

189

Figs. 4.13-26: Confocal Scanning Laser Micrographs (CSLM) representing
fluorescent in situ hybridisation (FISH) in G. pallida with neuronal staining
shown in green.

Figs. 4.13, 14, 15: CSLM of the posterior region of G. pallida showing two
cells of the lumbar ganglion (LG) labelled indicating the presence offtp 6.

Fig. 4.16: CSLM of the posterior region of G. pallida. This negative
control using sense strand DNA probes failed to show any labelling.

Fig. 4.17: CSLM of the anterior to mid region of G. pallida showing the
presence of paired BDU (BDU) cell bodies. These cell bodies are labelled
for the presence offlp 12.

Figs. 4.18, 19: CSLM of the anterior to mid region of G. pallida showing
individual BDU (BDU) cells labelled for the presence offlp 12.

Fig. 4.20: CSLM of the anterior to mid region of G. pallida. This negative
control using sense strand DNA probes failed to show any labelling.

4.18

Fig. 4.21: CSLM of the anterior region of G. pallida showing the anterior
ganglion (AG) just posterior to the metacorpal bulb (MCB) labelled for the
presence offlp 14. The muscles of the stylet can also be seen (SPM).

Fig. 4.22: CSLM of the anterior region of G. pallida showing the presence
of paired RM motomeurone (RMM) cell bodies, located laterally posterior
to the metacorpal bulb (MCB). These cells are labelled for the presence of
flP 14.

Fig. 4.23: CSLM of the anterior region of G. pallida showing a high power
image of the paired RM motomeurone (RMM) cell bodies located posterior
to the metacorpal bulb (MCB) expressing flp 14.

Fig. 4.24: CSLM of the anterior region of G. pallida. This negative control
using sense strand DNA probes failed to show any labelling.

Fig. 4.25: CSLM of the anterior to mid region of G. pa/Z/tia showing a pair
of cell bodies (ALM) involved in mechanosensory perception. These cell
bodies are expressing the presence offlp 1 and can be seen in relation to the
stylet (S).

Fig. 4.26: CSLM of the anterior to mid region of G. pallida. This negative
control using sense strand DNA probes failed to show any labelling.
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Discussion

Serotonin 5-HT

The role of 5-HT in chemical signalling through tout nematode nervous
systems has been well documented with the neurotransmitter being assigned
roles in locomotory function, reproductive behaviour, chemosensory
perception and feeding responses (Loer and Kenyon, 1993; Raizen and Avery,
1994; Waggoner et ai, 1998; Sze et ai, 2000). In regards to the potato cyst
nematode (PCN) considerably less information is available on the role 5-HT
plays within the various key functions essential for this endoparasite’s
successful survival and reproduction. The aim of this study was to identify
the presence and location of 5-HT within the anterior region of Globodera
pallida and particularly associated with the key feeding apparatus, the
pharynx which has already been identified as being heavily FaRPergic in
nature.

Staining for 5-HT at the light level revealed the presence of two neurones
which appear to originate from cell bodies at the base of the metacorpal bulb
(MCB) and extend anteriorly through the bulb into the procorpus terminating
just posterior to the stylet protractor muscles (SPM). The presence of a pair of
neurones, immunopositive for 5-HT, have already been identified within the
pharynx of both model organisms C.aenorhabditis elegans (Horvitz et al.,
1982) m&Ascaris suum (Johnson et al., 1996). These two neurones have
been described as neurosecretory motor neurones (NSM) with cell bodies
located within the pharynx, anterior to the central nerve ring (CNR), with their
processes moving toward the CNR. Although there are slight anatomical
differences recognised in the features of the NSM in both nematodes (i.e.
length of process and elaborate branching), it is believed these neurones share
a common function and these variances reflect a difference in anatomical
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structure. It is believed that the modes of action of NSM within both worms is
the secretion of 5-HT at the terminal zone within the CNR (Johnson et ai,
1996).

There is both immunological and functional evidence that 5-HT may fulfil a
motor transmitter role within the enteric nervous system (ENS) of Ascaris.
This neurotransmitter is required to maintain pharyngeal pumping within

Ascaris (Brownlee et ai, 1995) and C. elegans (Raizen and Avery, 1994).
The exact mode in which it stimulates pharyngeal pumping is less clear with
5-HT, either directly acting upon the muscle and/or nerves of the pharynx, or
neurohonnonally by indirectly activating nerve and muscle. It has been
suggested that 5-HT may activate neurones within the CNS (Johnson et ai,
1996), which in turn may innervate the motorneurones of the ENS (Brownlee

et ai, 1995) therefore regulating pharyngeal activity.

A similar scenario was envisaged by Albertson and Thomson, (1976),
whereby ingestion of food within the pharyngeal lumen stimulated NSM
found within C. elegans pharynx to release humoral factors into the
pseudocoelom, which would then be transported to 5-HT sensitive sites
(Reinitz and Stretton, 1996). Horvitz et al. (1982) also suggested a food
source within the pharynx inducing pharyngeal pumping while Sze et al.
(2000) reported that such a stimulus may up-regulate the production or release
of 5-HT. Indeed, it has been shown that a cholinergic motomeurone (MC)
increases the rate of pharyngeal pumping (Avery and Horvitz, 1989) and it has
been proposed by Rogers et al. (2001) that 5-HT may stimulate the MC to
release ACh and provide the excitatory drive of the phary nx. This supports
the role for indirect action of 5-HT upon the pharynx via the MC while also
expressing a direct affect neurohonnonally (Rogers et ai, 2001), possibly via
pseudocoelom transferred 5-HT.
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Although there is evidence of 5-HT involvement within the pharynx of G.
pallida as a result of the immunoreactivity observed, it is unclear whether
these neurones are NSM or if they are the same as those recorded in the other
species. A number of differences exist between the neurones of G. pallida in
that their neuronal processes move away from the CNR towards the SPM,
which is unlike those of Ascaris and C. elegans. Also, in these two species
the NSM are recorded as being located on the external surface of the pharynx
whereas the two neurones observed within G. pallida appear to be located
within the pharynx. This observation is supported by the undulating nature of
the 5-HT positive nerves, similar to the FaRPergic nerve observed associated
with the dorsal extension within the pharynx referred to in chapter 3. The two
neurones identified within the pharynx appear to terminate around the base of
the stylet in the region of the dorsal ampulla. There is a possibility that they
may be involved with the release of the secretions from this reservoir,
although only one, single neurone was ever identified associated with the
dorsal extension and ampulla. FJectron-immunocytochemistry (EICC) carried
out on this region failed to identify the location of the two neurones localised
at the light level in the pharynx. This may have been due to the size of the
nerves and their undulating nature within the pharynx making identification
difficult. The single FaRPergic neurone associated with the dorsal ampulla
was located and this failed to show any 5-HT staining, therefore suggesting
co-localisation does not occur within this nerve.

The most probable explanation for the role these neurones fulfill within the
pharynx are the stimulation of the SPM cell bodies within the anterior-most
region of the procorpus. The cell bodies of the SPM as identified by Endo
(1984), are packed with mitochondria essential for the contraction of the large
muscle beds which force the eversion of the stylet from the worm. These cells
are located in the region where the paired neurones terminate. There is also a
strong case for 5-HT causing a thrusting behaviour in plant parasitic
nematodes (PPN) with McClure and von Mende (1987) and Rolfe and Perry
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(2001) attributing stylet protrusion of Meloidogyne incognita and Globodera
rostochiensis to the classical transmitter 5-HT. A neurotransmitter (5
methoxy-N,N dimethyl tryptamine) similar to 5-HT, has also be shown to
stimulate secretion of the oesophageal gland products as well as those from
the amphids (Fioretti et ai, 2002).

The thrusting of the stylet in PPN is now believed to have a role in
reproductive behaviour with the internal pressure changes, associated with
stylet and pharyngeal activity, possibly being involved in male mating (Jonz et
ai, 2001), i.e. ejaculation in Heterodera schachtii where ejaculatory muscles
are absent (Maggenti, 1991). The release of 5-HT from secretory cells within
the pharynx during stylet thrusting or pharyngeal pumping is believed to cause
spicule eversion in males (Jonz et ai, 2001).

The possibility of a third neurone has also been observed within the pharynx.
The evidence for this is less conclusive than the two neurones mentioned
above. This third neurone appears to be more central to the other two and
could be the central nerve associated with the dorsal extension. If this is the
case, then co-localisation with the FMRFamide neuropeptide family which
has already been identified in this nerve, would be the only such staining
identified in this study. Co-localisation of 5-HT and FMRFamides appears to
be more abundant in the pharynx of A. suum (Davis and Stretton, 1996), with
Brownlee et ai, (1994a, b) predicting that at least 30% of ENS neurons show
FMRFamide co-localisation with 5-HT in A. suum. Although at this stage it is
not known to what extent co-localisation of neuropeptides and transmitters
occurs within the pharynx, it is clear that both groups of signalling molecules
play a significant role in modulating pharyngeal activity. Evidence from
physiological studies on model nematodes suggests that these two classes of
transmitters/modulators have a high co-dependence upon each other in
regulating any such activity. However, due to the inconsistency of its staining
and lack of origin from which the neural process extends, further research is
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needed before the existence of a third neurone within the pharynx can be
confirmed.

The nerve ring of G. pallida also appears to be immunopositive for the
presence of 5-HT indicating co-localisation of FMRFamide within the central
nervous system. The presence of 5-HT outside the ENS of G. pallida is
interesting as this is not seen in the pig parasite A. suum where no localisation
has been observed within the central nervous system or perianal nervous
system (Trim et al., 2001). Below the CNR there appears three large groups
of cells positively stained for 5-HT. Two of these cells appear to be the dorsal
and ventral ganglion with the ventral grouping of cells lying characteristically,
slightly posterior to the dorsal. The dorsal ganglion is associated with cell
bodies of neurones associated with sensory perception, therefore, indicating a
role for 5-HT in the worm sensory apparatus. Further evidence for the
involvement of 5-HT in sensory perception was seen at the ultrastructural
level which will be discussed hereafter.

The ventral ganglion is associated with inter-and motor neurones which could
possibly be involved in locomotion of the nematode, while the retro vesicular
ganglion constitutes the beginning of the ventral nerve cord. 5-HT has been
shown to play an indirect role within nematode locomotion mainly being
inhibitory to somatic muscle contraction. Simple work involving the injection
of 5-HT into the nematode produced reversible paralysis of A. suum
(Buchanan and Stretton, 1991; Reinitz and Stretton, 1996) indicating that the
transmitter fulfilled a role in locomotion. This was supported by Nurrish et al.
(1999) who reported that 5-IIT inhibits the release of ACh (an excitatory
transmitter on body wall muscle) from motorneurones onto body wall muscle,
which would result in paralysis. 5-HT was also reported to depress
locomotion within the free living nematode C. elegans, while stimulating
pharyngeal pumping (Avery and Horvitz, 1990).
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Electron-immunocytochemistry was also carried out on the anterior
pharyngeal region of G. pallida to identify 5-HT nerves staining at the
ultrastructural level. Neurones immunopositive for 5-HT, as previously
observed at the light level, were not identified at the EM level. However
highly specific 5-HT labelling was identified within the amphids of the worm.
Immunolabelling was concentrated at the base of the socket cell where the
underlying sheath cell connects. It is believed that 5-HT may be present at
this site where the microvillar processes protrude from the sheath cell. These
processes are bathed in secretions which are believed to protect the sensory
dendrites (Altner, 1977) as well as capturing and transporting any chemotactic
stimuli to the sensilla membranes (Zunkerman, 1983). Suggestions have also
been put forward for the role of amphidial secreted proteins involvement in
the early steps of recognition between (resistant) plants and avirulent
nematodes (Semblat et ai, 2001). The secretions of the amphids may also be
involved in the formation of a feeding plug during plant parasitic feeding
(Endo, 1978) and work by Curtis (1996) showed that the amphids are a source
of products which accumulate on the surface of the nematode, thus lending
further support to Endo’s theory.

The presence of 5-HT within the amphids indicates that the transmitter may
play some role in the sensory perception of the worm’s environment.
Whether this role is in the regulation of the release of secretory proteins by the
amphids, in what ever role they fulfil, or in chemical signalling within the
sensory neurones is yet to be determined. 5-HT was also specifically
localised to large, duct-like structures found laterally and running parallel with
somatic body wall muscle. These ducts could be traced posteriorly along the
procorpus, past the MCB to terminate at the nerve ring itself. These structures
are too large and do not appear to be nerve associated with the sensory
neurones of the amphids. However, no alternative role for these structures can
be suggested nor why they should contain so much 5-HT labelling.
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Glutamate (GLU)

Glutamate was found within the anterior region of G. pallida in both the
pharynx and the nerve associated with the amphids. This observation was not
surprising considering the role of GLU as an inhibitory signalling molecule
within the pharynx (Martin, 1996) and sensory neurones of other nematodes,
where GLU has been shown to antagonise 5-HT stimulated pharyngeal
pumping. GLU immunoreactivity has been localised within a single neurone
that appears to extend to the centre of the pharynx but, it is unclear whether it
is present on the surface or within the structure. The neurone does not
undulate in its path towards the anterior of the procorpus where it terminates
in the same region as the two 5-HT positive neurones at the base of the stylet
protractor muscles. The nerve can be traced posteriorly through the MCB to
the isthmus; however, no cell body was identified for this process. However,
GLU also fulfils an excitatory role within nematodes being excitatory to
somatic muscle of A. suum, thus indicating the diverse role this transmitter
plays on muscle contraction (Fellowes et ai, 2000).

The presence of a neurone within the pharynx of G. pallida, immunopositive
for GLU would suggest that this transmitter may be regulating pharyngeal
contraction (Walker et ai, 2000). Pharyngeal contraction has been described
as being regulated by two M3 neurones within the pharynx of C. elegans (Li
et ai, 1997), which control the time interval between contraction and
relaxation of muscle. Li et a!. (1997) described the pharyngeal muscle as
expressing functional GLU receptors which were activated by the release of a
neurotransmitter from the M3 motor neurones, thereby controlling the length
of the pump cycle. It may be possible that the neurone identified in G. pallida
is providing the GLU needed to restrict the cycle of pharyngeal muscle
contraction and therefore modulating the worm’s pharynx. The presence of
GLU receptor subunits have also been identified within interneurones and
motor neurones, some of which have been expressed withm the pharyngeal
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nervous system of C. elegans (Brockie et ai, 2001). This provides further
support for GLU fulfilling a modulatory affect upon pharyngeal activity,
which may include the suppression of 5-HT stimulated pharyngeal pumping,
or stylet protraction in G. pallida.

GLU was also identified within two neurones that were located laterally and
extend to the amphidal region of G. pallida. GLU has been identified as
playing a role within sensory perception of nematodes with GLU receptors
being identified within motor and inter neurones (Brockie et al., 2001). GLUgated ion channels have been implemented in sensory encoding in C. elegans
(Chao and Hart, 2003) while Hart, Simms and Kaplan (1995) suggest that the
sensory neurones ASH use GLU as a neurotransmitter. This may also be the
case in G. pallida where GLU may be utilised within sensory neurones to
relay perceived stimuli from the amphids toward the command interneurones.
These command interneurones have also been identified as relaying currents
through GLU-gated ion channels (Chao and Hart, 2003) and would then
integrate this information to direct locomotory output. The expression pattern
of GLU receptor subunits identified would therefore implement this
neurotransmitter in sensory processing as well as pharyngeal functioning and
locomotion (Brockie et ai, 2001).

Fluorescent In ,?frw-Hybridisation (FISH)

This technique is similar to ISH in the preparation and hybridising of probes
to tissue however, the mode of detection is much different. Unlike ISH,
which utilises an enzyme based reaction to amplify the site of probe binding,
FISH incorporates the use of a tertiary antibody binding system that amplifies
the original site of binding with the tertiary antibody carrying a fluorescent
marker. This work was a repeat of the original study by Kimber et al., (2002)
on the localisation of FaRP encoding mRNA transcription sites using FISH to
consolidate the distribution of^-encoding genes already recorded. The hope
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was that the utilisation of FISH would allow more detailed analysis of the
positioning of the cells expressing the genes within the worm.

The results supported the findings of Kimber et al. (2002) with three of the
four genes examined localised in regions previously identified in the earlier
study. However, the observed labelling was not as extensive in each of the
genes when compared to the results obtained using ISH, which could be
explained by the differences in amplification procedures utilised by the
different techniques. FISH, having a much longer detection period where the
tissue was exposed to more frequent washes and extended periods of
incubation in detection solutions, may have resulted in the loss of tissue
quality thus affecting mRNA detection. Also the probes used for FISH were
different to those designed by Kimber et al. (2002) for ISH which may also
have affected observed binding due to different expression levels of genomic
DNA in different regions of the worm.

flp-6 was localised by Kimber et al. (2002) within the CNR showing diffuse
staining, and anterior to the lumbar ganglion of the perianal nerve ring in
paired cells. FISH failed to identify staining within the CNR but, strong clear
staining was observed within the posterior of G. pallida. This staining is
believed to be within the perianal ganglion in the paired interneurones
identified as PHA and PHB by Kimber et al. (2002) when compared with the
neuronal map of C. elegans (White el al., 1986). The nerves PHA and PHB
are both ciliated and are associated with the innervation of the phasmids in the
claudal region, being connected to each other and with interneurones which
run to the circumpharyngeal nerve ring (CNR). C. elegans is a free living
nematode whose life cycle differs from that of plant parasitic nematodes and
as a result we cannot draw a direct comparison between the neuronal
construction of the nervous system and the expression of neuropeptides
within. However, it is generally accepted that nematodes show a high degree
of conservation as regards to their neuronal network and transmission across
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the phylum. This combined with the complete ultrastnictural mapping of C
elegans provides the best model with which to draw comparisons with repect
to the expression of FaRPs.

The presence of/Ip-6 which encodes the peptide KSAYMRFamide (PF3)
within neurones innervating the caudal phasmids implicates a role for this
peptide in sensory perception within PCN. However, apart from this
observation the specific roles of PHA and PHB are unknown, nor is it known
whether these interneurones synapse to sensory or motor neurones.

The FaRP, PF3 has been widely studied and has been shown to modulate
nematode muscle throughout the body, being both excitatory and inhibitory to
ventral and dorsal body wall muscle respectively (Maule et al., 1995), thus
exhibiting a biphasic affect on muscle contraction similar to APS. PF3 was
first extracted from the free living Panagrellus redivivus (Maule et al., 1994a)
and was then identified in A. suum (Cowden and Stretton, 1995). Within A.

Siam Brownlee et al. (1995) identified that PF3 /AF8 were responsible for
bringing about a concentration dependent inhibition of pharyngeal pumping
stimulated by 5-1 IT while causing inhibition of contraction mAscaris
ovijector (Fellowes et al., 1998). It was also shown that PF3, or a structurally
similar peptide, may play a functional role within the ENS of Ascaris
(Brownlee et al., 1995).

PF3 is therefore, a very active peptide in the modulation of muscle contraction
with Ascaris and althoughy/p-6, which encodes this peptide, was not found in
motomeurones associated with the pharynx, ovijector or locomotion in G.
pallida, its location within intemeurones allows the neuromodulation of
muscular activity by regulating neurotransmitter release at the synapse of
motomeurones. So although we cannot say that PF3 fulfils an identical role to
Ascaris within neuronal signalling in G. pallida to that seen in Ascaris, it is
possible that it may have a similar role within the PHA and PHB interneurons.

207

f!p-\2 was observed by Kimber et al. (2002) within the retro-vesicular
ganglion, mid body and perianal nerve ring within the lumbar ganglion. Such
extensive staining was not observed with FISH but, strong labelling of the
paired BDU interneurone cell bodies as identified by Kimber et al. (2002) was
observed in the mid body of the worm. These interneurones, which run to the
CNR, also have significant input from the ALM and AVM touch receptor
neurones, the PVN neurone and HSM vulval motomeurone. This vulval
motomeurone is believed to control egg laying (Trent et al., 1983), thus
supporting a role for///?-! 2 encoded peptides in reproductive functioning.
Such a hypothesis is supported by a number of immunocytochemical studies
which identify nerves associated with the reproductive structures of both C.
elegans and A. suum as being FaRPergic.

Work by Schinkman and Li (1992) identified the HSM motomeurone as being
FaRPergic in the hermaphrodite C. elegans while Atkinson et al., (1988)
described the inneravtion of the vagina vulva and its associated papillae with
FaRPergic nerves in P. redivivus, C. elegans and Heterodera glycines. A
similar situation was reported in Ascaris where FaRP components were
reported in the extensive nerve plexus which extends over the outer surface of
the ovijector (Fellowes et al., 1999). Physiological studies have also shown
FaRP involvement in the reproductive system with AF1 (KNEFIRFamide),
AF2 (KHEYLRFamide) affecting contraction frequency and PF3 playing a
modulatory role within the vagina vera of A. suum (Fellowes et al, 1998).

Expression offlp-12 was not observed within motorneurones associated with
the reproductive structures in G. pallida and this may be due to the fact that
the J2S used in the experiment are not sexually functional at this stage.
However, the identification of FaRP expression within intemeurones that are
believed to synapse with these reproductive motorneurones combined with
evidence of FaRP involvement in the reproductive systems of adult Ascaris
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and C. elegans, may suggest the expression of flp genes within motoraeurones
associated with the reproductive structures of adult G. pallida. This would be
the result of selective expression offlp genes within the nervous system
depending upon the requirements at that stage of development within the
nematodes life cycle, i.e. sensory perception being more important than
reproduction to J2 nematodes.

The processes of the BDU intemeurones also have output connections to
touch sense receptors like the ADE neurones. These ciliated neurones
terminate in the deirid sensillae located laterally and posteriorly to the
pharynx and close to the nerve ring. FaRP-immunoreactivity has also been
localised to these neurones in A. suum (Cowden et al., 1993). Indicating that
FaRPs may play a role in the sensory apparatus involved in touch perception.

Jlp-\2 encodes the peptide KNKFEFIRFamide that has only been identified in
G. pallida thus far; however, a structurally similar peptide RNKFEFIRFamide
was characterised from A. suum (Davis and Stretton, 1996) while also being
encoded on the C. elegansflp-\2 gene (Nelson et al., 1998). Although there is
a lack of data on the physiological effects of this peptide in A. suum,
expression studies on C. elegans using green fluorescent protein reporter
constructs has identified the peptide in neurones that directly control muscles
of both the dorsal and ventral body wall.

flp-\A was observed by Kimber et al. (2002) solely in the head region of the
w'orm associated with RME and RMG class motorneurones and ADA
intemeurones. The same observations where made using FISH, identifying
cells in a ganglion anterior to the CNR and paired cells located laterally just
posterior to the CNR in G. pallida. These neurones are believed to control
muscle activity in the head region and,therefore, affect motility as well as
receiving inputs from sensillae neurones and other motorneurones. The
RMEL/R class of cells output exclusively to muscles whereas those of the
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RMED/V synapse with both muscle and the adjacent SMD processes (head
motorneurones) via two small dendrites. The RME class neurones receive
input from a range of neurones including the labial sensillae IL2 and OLL and
other head motorneurones SMB and UR A. Connections are also made with
intemeurones which connect to both dorsal and ventral motorneurones along
with RIP interneurones which connect pharyngeal innervation to that of the
central nervous system.

The RMG neurone plays a role in motor function and innervates muscles in
the head of the worm with significant inputs from both sensillae (ADE and
CEP) and other head motorneurones like RMF. The output from these nerves
are to the head, ventral and dorsal motorneurones with major gap junctions
connecting to the amphidial and labial sensillae. The presence offlp-\4 has
also been identified in similar motorneurones within the head of C. elegans in
an immuncytochemical study using anti-FaRP antisera (Schinkmann and Li,
1992). The ADA neurones constitute intemeurones and are connected to
amphidial sensillae nerves (ASH and ADF) with output to a number of other
intemeurones, head motorneurones (SMD) and to the RIP neurones which
connect the pharyngeal innervation to the central nervous system (White et

al., 1986).

flp-14 gene encodes two copies of the peptide AF2 (KHEYLRFamide), which
has been biochemically isolated from A. suum, C. elegans, P. redivivus and H.

contortus (Cowden and Stretton, 1993; Maule et al., 1994b; Keating et al,
1995; Marks et al, 1995). To date, AF2 is the most abundant peptide
identified within the most studied nematodes having an excitatory biphasic
affect on Ascaris body wall muscle (Cowden and Stretton, 1993; Maule et al,
1995) with its mode of action involving a direct action on somatic muscle in
addition to a secondary mode involving the potentiation of muscles in
response to ACh (Keating, Holden-Dye and Walker, 1996). This is believed
to involve the pre-synptic action of AF2 on excitatory motorneurones to
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enhance ACh release (Cowden and Stretton, 1993; Walker et al., 2000). Both
API and AF2 express qualitatively similar effects on somatic muscle although
AF2 has been shown to be 1000 times more potent.

Their effect on muscle contraction frequency of the vagina vera, however, is
clearly distinguishable with API being more potent than AF2, a role reversal
(Fellowes et al., 1998). AF2 was also shown to inhibit the rhythmic muscle
contractions of the ovijector of A. suum (Fellowes et al., 1998). The
physiological evidence supports the role of AF2 in modulation of both body
wall muscle and muscle associated with the reproductive systems in A. sawn.
Therefore it is possible that this neuropeptide is also modulating muscle
contraction and movement within the head of G. pallida, with direct inputs
from a range of sensory structures of the head regulating this activity. Any
role within the reproductive structures as observed in Ascaris would require
expression studies of sexually mature adult G. pallida.

flp-\ was observed within the retro-vesicular ganglion by Kimber et al. (2002)
but this was the only gene with which no complimentary staining was
observed using FISH. The presence of staining, however, was detected to a
pair of cell bodies within the mid body of the worm allocated to be ALM
cells. These ALM neurones are the major sensory neurones of the
mechanosensory apparatus receiving soft touch information from both the
anterior and posterior of the worm. The ALM sensory neurones synapse to
the BDU, PVC and CEP neurones. These are intemeurones within the ventral
nerve cord and cephalic neurons within the cephalic sensillum cell group
respectively. They also have gap junctions to AVM and PLM touch receptors
as well as PVR interneurones within the ventral nerve cord. The ALM
neurones which synapse to interneurones within the CNR (i.e. BDU which
containedflp-\2) would modulate locomotion in response to stimuli.
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flp-\ encodes a number of peptides identified by Kimber et al., (2001)
including -PNFLRFamide, -SNFLRFamide, -NNFLRFamide and PTFLRFamide. However, these have not been identified within other
nematode species and no physiological studies have been completed
identifying the role these peptides might play upon chemical signalling within
the neuronal network. One possible reason for this could be that these
peptides are unique to plant parasitic nematodes as a result of a divergent
evolutionary history from other families across the phylum. They could be
required for the specialist feeding strategies exhibited by these worms and
expressed during the sensory perception of the nematodes external
environment, helping in the location of host roots. Although a conclusive
hypothesis cannot be drawn as to the role offlp-\ peptides, the presence of the
gene within this sensory neurone would suggest FaRP involvement within
sensory perception as already identified with ///>12.

We can,therefore, conclude that the anterior region of G. pallida, and in
particular the pharynx, is highly innervated by the classical neurotransmitters
5-HT and GLU. 5-HT is likely to play an excitatory role within pharyngeal
muscle contraction and GLU may play the antagonist, being inhibitory. With
such high prevalence of FMRFamide neuropeptides identified within the
pharynx of G. pallida it is likely that both neurotransmitters are responsible
for an integrated modulation of pharyngeal activity. There is also a case for a
similar utilisation of peptides and transmitters within amphidial sensory
perception with 5-HT, GLU and FaRPs all being identified with the amphids
or associated neuronal network. Finally, the identification of FaRP encoding
flp genes within all classes of nerves in G. pallida indicates that this family of
neuropeptides fulfil a modulatory role throughout the nervous system of this
plant parasitic nematode.
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General Discussion
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Discussion

Potato cyst nematodes (PCN) include two highly problematic species of
parasitic worms responsible for the economic degradation of tuber cash crops
throughout the world. PCN are a prolific problem within Europe and in the
UK annual losses are worth around £43 million, or approximately 9% of the
crop value (URL/sygenta-crop.co.uk/). With such an imposing annual
reduction to productivity it would seem essential that a more efficient and
effective means of nematode control would be desirable. As such the current
control strategies of PCN are non-uniform in their appliance and unreliable in
their control of the parasitic burden. These techniques are based largely
around combinations of environmental manipulation, which are deleterious to
the worm’s survival, and the incorporation of nematicides in the form of toxic
chemical pesticides.

Both these strategies have drawbacks in that they are highly susceptible to
environmental conditions and practical application. The use of chemical
pesticides are also deleterious to the general ecosystem as a result of their non
specific toxicity to invertebrates. Work by Girvan et al. (2004) reported major
shifts in soil bacteria diversity as a result of pesticide application, while the
application of organophosphates in orchards in South Africa showed a
detrimental affect to the soil earthworm population densities (Reinecke and
Reinecke, 2005). With increasing requirement to marginalise the use of toxic
pesticides this has presented an opportunity to fill the void that the phasing out
of these chemicals will leave. This in itself provides a problem with the lack
of novel targets currently available for exploitation as control methods.
Current alternative methods to pesticide control are based around the use of
environmental management schemes to create a deleterious habitat for the
nematodes therefore reducing their prevelance. Other alternatives are the use
of biocontrol agents in the form of natural nematode predators, including
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nematophagous fungi, bacteria, and other nematodes. As attractive as these
biocontrol options appear the technology is still only at the trial stage and not
currently available, or more importantly suitable for widespread agricultural
practice.

This current study aimed to provide further support for the targeting of the
FaRP family of neuropeptides as a viable target in controlling nematode
parasitism, due to their involvement in major aspects of nematode motor
function including the pharynx (Brownlee et al., 1995; Rogers et al., 2001)
and reproductive systems (Fellows, et al., 1998, 1999), and sensory perception
(Schinkman and Li, 1994). Any new control would be expected to meet the
criteria filled by the previous strategies while possessing less of the
detrimental qualities. This control would produce equal if not superior
reduction to infection of the potato crop by invasive juveniles as already
attained by the use of nematicides, while also reducing the toxicity to other
non-target species by being host specific.

The study of FaRPs and their role in neuropeptide signalling within
invertebrates has resulted in their inclusion as possible targets for future
control methodologies. It is believed that the manipulation of this family of
signalling molecules by novel pesticides or genetically modified plants may
produce a more target-specific deterrent to infection, while providing the
option of broad spectrum efficacy against a range of parasitic invertebrates.

The ultrastructure of the feeding apparatus of Globodera pallida is similar to
the other members of the order Tylenchidea with a robust protrusible stylet,
heavily muscled posterior pharynx known as the metacorpal bulb and two sets
of glands responsible for the production of secretory proteins. The
ultrastructure reflects the highly developed nature of the worms feeding
strategy which is homologous in this group of endoparasitic worm’s. The
functional role played by the stylet and the metacorpal bulb, which is
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effectively a pump chamber, have been well examined. However, the roles
played by the secretions contained within the two glands of the nematodes are
much less obvious. So much so that until recently it was believed that only
the secretory proteins of the dorsal gland ampulla, were actually secreted from
the worms.

It has now been shown that the membrane bound proteins of the sub ventral
glands are also secreted (Goverse et ai, 1994) and that these glands play a
complex and extensive role in the successful parasitism of the chosen host
plant. The primary role of these secretions is to aid in the infiltration and
migration of the worm within the root tissue utilising a range of enzymes
including cellulases (Smant et al., 1997), polygalacturonases (Jaubert et al.,
2002), xylanses (Hussey, Davis and Baum, 2002; Jasmer et al., 2003) and
pectate lyases (Popeijus et ai, 2000). This extensive battery of enzymes
combined with the discovery that they are only active during the period of
migration (Goellner et ai, 2001), confirmed that intercellular migration was
not solely a mechanical process but was heavily supported by the secretion of
sub ventral gland secretions.

The role of the sub ventral gland secretions however, does not end with
migration alone and recent evidence supports further involvement of these
proteins in the regulation of plant-parasite interaction at a level previously
unimagined in plant parasitic nematodes. Secreted proteins have now been
implemented in such roles as cellular metabolism, cell cycle augmentation,
nuclear localization and protein degradation (Hussey, Davis and Baum, 2002).
An example of the highly complex relationship w hich is now believed to exist
between parasite and plant can been seen in peptide signalling where
predicted parasitism genes are believed to encode products similar to plant
signalling peptides (Wang et ai, 2001; Olsen and Skriver, 2003). This raises
the possibility that these parasites are capable of manipulating their host at a
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molecular level through peptide mimicry, to enhance their own environmental
conditions.

The evidence would suggest that we are only starting to comprehend the
complexity of interactions between plants and these highly specialized plant
parasitic nematodes. However, what is evident is the significant role that the
secretions of the sub ventral glands play in the successful completion of
parasite life cycles (Hussey, Davis and Baum, 2002). Even though it is now
generally accepted that these proteins are secreted from the nematodes, the
original proposals that they were in some way involved in the digestion of
ingested food may still be true (Gao et al., 2001).

Combined with the secretions of the dorsal glands whose functional roles are
also not fully understood, but are believed to involve the formation of the feed
tube (Endo, 1987), as well as the induction and regulation of the feed site
(Hussey, 1989), the control of both glandular secretions is paramount to the
successful invasion, migration, feeding and completion of the nematode life
cycle. Therefore, any disruption of the role of these secretory proteins will
have direct effects on the survival and reproduction of the plant parasitic
nematodes. The ability to regulate the release of these packaged proteins is
therefore one possible novel target for controlling PCN.

The utilization of immunocytochemistry enabled the distribution of the FaRP
family within the anterior of PCN, and specifically in association with the
feeding apparatus to be examined. This group of neuropeptides, the largest
identified within the phylum have already been shown to fulfill
transmitter/modulatory roles within a number of different species including
Ascaris suum and Caenorhabditis elegans. FaRPs have been shown to
innervate musculature associated with the pharynx (Cowden etal., 1993;
Rogers et al., 2001), reproductive systems (Fellowes et al., 1998) and somatic
muscle (Cowden and Stretton, 1993; Maule et al., 1995). FaRPs have also
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been shown to modulate the effects elicited by classical neurotransmitters
upon muscle indicating a complex interaction between the two types of
signalling elements (Brownlee et al., 1995; Davis and Stretton, 1996).

Immunocytochemical studies by Kimber et al. (2001), identified a similar
level of FaRPs within the nervous system of G. pallida to that present in A.
suum and C. elegans. This study identified a large network of FaRPimmunoreactivity within the pharynx and lateral nerves, possibly associated
with the amphids. However, using confocal microscopy, it was not possible
to determine if the FaRPergic nerves of the pharynx were innervating the
stylet protractor muscles (SPM) or valves controlling the release of secretory
products from the dorsal ampulla.

To address this short-coming, electron-immunocytochemistry was used to
localise FaRP-immunoreactivity at the sub-cellular level. A significant
discovery was the identification of FaRPergic nerves associated with the
feeding apparatus throughout the pharynx. Not only was FaRPimmunoreactivity observed within the nerve ring and metacorpal bulb, but
neural processes could be found running parallel with the dorsal and sub
ventral glandular extensions from the glandular lobes to their respective
ampullae. These neural extensions were also immunopositive for FaRP,
giving a strong indication that these neuropeptides may be involved in the
control of secretory protein release.

The paired ampullae of the sub ventral glands within the posterior of the
metacorpal bulb are enveloped within a glove of nerve fibres which surrounds
the packaged secretions. This nerve is laden with FaRP-immunopositive,
neurosecretory granules, with the nerve running to the vestibule which
surrounds the ampullae valves and into which the contents of the glands are
released. This whole region of the ampullae and associated neurones is
encompassed by the muscle bundles which radiate from the pump chamber

224

and FaRPergic nerve has also been identified between the muscle bundles.
The presence of FaRP-immunoreactive neurones around the ampullae and its
presence at the valves which control the release of the ampullae contents
indicates that FaRPs may have a role in the release of the sub ventral gland
contents.

The opening of the valves would appear to be controlled by the radial muscles
of the metacorpal bulb which surround the whole region and these too seem
subject to control by FaRPergic nerves. The role of FaRPs in the innervation
of pharyngeal muscle is supported in this study by the identification of gene
flp-\4 within motorneurones located anterior and posterior to the central nerve
ring using fluorescent in situ hybridization (FISFI). These motorneurones are
believed to be responsible for controlling muscles in the head region
associated with movement (White et ai, 1986), and may possibly play a role
in the regulation of head movement within G. pallida (Kimber et ai, 2002),
which could include the pump chamber muscle.

The role played by FaRPergic neurones in the release of secertory granules
from the dorsal ampulla is less clear. The dorsal extension which continues
past the sub ventral ampullae through the metacorpal bulb and through the
procorpus is mirrored by nerve which has been identified as FaRPimmunopositive at both the light and electron-microscopy levels. Flowever,
the FaRP-immunoreactivity of this neurone decreased upon its progression
through the procorpus at the ultrastructure level, perhaps due to the decreasing
size of the neurone as it moves in an anterior direction. Although this neurone
was observed at the dorsal ampulla it was greatly reduced in size and there
was no extensive envelopment of the ampulla or valve as observed at the sub
ventral ampullae. There was also no FaRP labelling observed in the
neurosecretory granules of the neurone associated with the dorsal ampulla,
although the granules appeared similar to those labelled in the more posterior
neurones. This raises the possibility of these neurosecretions not being FaRPs
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although, their identity is father complicated by the FaRP-immunopositive
labelling of this neurone at the light level. Therefore, there are two questions
relating to this neurone, (1) whether or not it is FaRPergic, and (2) if it is
innervating the release of secretions from the dorsal ampulla or stimulating
the stylet protractor muscles (SPM)? Although neither of these questions can
be answered unequivocally, the evidence of this study does support the theory
that this nerve is FaRPergic.

The target for the FaRPergic neuron within the procorpus is less clear as no
nerve was associated with the dorsal ampulla valve as was observed in the
case of that innervating the sub ventral ampullae. Flowever, the nerve was not
observed beyond the dorsal ampulla, as would be expected if it was involved
in the innervation of the SPM. The presence of the nerve at the dorsal
ampulla and its apparent absence beyond this point would imply that it may be
responsible for the innervation of this glandular ampulla. This information
together with the more obvious involvement of FaRPergic nerves in the sub
ventral ampullae would further support the role of this nerve in regulating the
release of the ampullae contents. This hypothesis however does not exclude
the possibility that the nerve in question may still innervate the SPM. It is
possible that the nerve branches into the region just anterior to the dorsal
ampulla, which contains the cell bodies of the SPM, although they were not
observed in this study.

The identification of FaRP-immunopositive staining in nerves located laterally
to the pharynx suggests a possible role for this family of neuropeptides in the
chemical signalling of the sensory structures, the amphids. This theory is
supported by similar reports of FMRFamide involvement within sensory
apparatus in a number of other species including A. suum (Brownlee et al.,
1993) and C. elegans (Schinkmann and Li, 1994). The expression offlp genes
demonstrated using FISH, within neurons involved in sensory perception
during this study also suggests the involvement of FaRPs in chemosensation.
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Flp genes 6 and 12 have been identified within intemeurones which receive
input from sensory neurons including the ALM neurons that express flp-1. It
is therefore possible that the FaRPs encoded on these genes fulfill a signalling
role within the sensory apparatus and their associated neuronal network in G.
pallida juveniles.

It must be noted, however, that the expression levels of these FaRP encoding
genes may vary during the development of the juvenile into the adult form,
due to the requirements placed upon the nematode by different stages in its
life cycle. The flp genes expressed within the sensory neuronal system of the
juveniles in this study may be different from those expressed within the adult,
due to the different roles the sensory systems would influence during host
location and feeding, for example. This may also help explain, to some
extent, the large number of neuropeptides present within the nematode
signalling system. Flp genes 6 and 12, which are believed to be involved in
sensory perception within the juvenile G. pallida (Kimber et al, 2002),
maybe switched off in the sedentary adult female.

Support for the hypothesis that FaRPs play a significant role in the regulation
of the feeding apparatus in G. pallida is quite convincing. However, an
equally convincing role has been described for classical neurotransmitter
signalling molecules within the pharynx of other species of nematode (Horvitz
et al., 1982; Johnson et al, 1996; Martin, 1996; Li et al.,\997). This raises
the question regarding the relationship between neuropeptides and classical
neurotransmitters within neuronal signalling in the pharynx.
Immunocytochemical staining of the anterior region of G. pallida revealed the
presence of serotonin (5-HT) and glutamate (GLU) within the pharynx of the
nematode. This therefore suggests that both FaRPs and classical
neurotransmitters may play a role in neuronal signalling within the ENS
controlling the pharynx.
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Both of these classical transmitters have been shown to modulate muscle
activity of both the pharynx and the body wall. 5-HT has been identified as
being essential to maintaining pharyngeal pumping within Ascaris (Brownlee
et ai, 1995) and C. elegans (Raizen and Avery, 1994), having a stimulatory
effect, while GLU has been shown to antagonise this activity (Martin, 1996).
A similar role for these neurotransmitters maybe found in the pharynx of G.
pallida where both were found in separate neurones. However, caution must
be exercised when comparing the roles of these neurotransmitters between
parasitic, free living and plant parasitic nematodes (PPN). It cannot be
assumed they fullfil identical roles within different species or that these roles
remain constant from juvenile to adult stages.

Co-localisation of neuropeptides and classical neurotransmitters was not
observed within the pharyngeal nerves of G. pallida. However, even if this is
the case, it is clear that at some level within the pharynx, both signalling
molecules play an important and probably integrated role in the regulation of
the nematodes feeding activities. This may include the 5-HT stimulated
contraction of the stylet protractor muscles causing thrusting behaviour in
PPN. Such behaviour was reported by McClure and von Mende (1987) and
Rolfe and Perry (2001), attributing stylet protrusion of Meloidogyne incognita
and G. rostochiensis to the classical transmitter.

The presence of GLU and 5-HT within the lateral nerves associated with the
amphids also implicates these signalling molecules in chemosensation. Work
by Brockie et al. (2001) has identified the presence of GLU receptors within
neurons associated with sensory perception while GLU-gated ion channels
have been implicated in sensory encoding in C. elegans (Chao and Hart,
2003). This suggests that both FaRPs and classical neurotransmitters play a
role within sensory perception in G. pallida.
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It is evident from this study that the pharynx of G. pallida is highly innervated
by both classical and peptidic neuro-signalling molecules. These are likely to
fulfil transmitter/modulator roles within the pharynx controlling pumping,
secretory protein release and stylet thrusting suggesting they must act in an
integrated system to facilitate feeding and sensory modalities. Evidence of
co-localisation combined with the modulatory effects of FaRPs upon the
action of classical transmitters has already been documented in other species
(Brownlee et a/.,1994; Brownlee et al., 1995; Davis and Stretton, 1996;
Rogers et al., 2001). Although this was not observed in this study a similar
integrated signalling system may also be present within the pharynx of G.
pallida. A combination of classical and peptidic signalling may also occur
within the neural component of the sensory apparatus but this awaits closer
scrutiny.

FaRPs are therefore, very likely to play a major role in the release of the
secretory proteins of G. pallida during the completion of the life cycle. This
information combined with that already known about the roles of FaRPs in
reproduction, movement, sensory perception and feeding within other
nematodes make this family of neuropeptides exceptionally important in
nematode neuronal signalling and as a result a distinct target for future control
strategies of parasitic nematodes.

It is generally accepted that in the control of PPN it is most desirable to
prevent the nematodes from entering the plant, as once established within the
host any destruction of the parasite will possibly have a detrimental effect on
the plant. This approach would also reduce the risk to the plant of secondary
infection by microbes as a result of the initial invasion. With this in mind, any
new methods for control could incorporate the disruption of the parasite
sensory capabilities, thus reducing the chance of finding a host and/or
affecting locomotory function thus reducing the worms ability to invade the
host. However, such an approach to tackling the problem of aggressive
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invasion would involve the introduction of a synthetic compound into the soil
environment in which the crops are produced. This is less desirable than a
plant produced response to parasitism as it carries with it increased hazards
and complications. Any such application by spray or fumigation would result
in the exposure of non-target organisms to the compounds along with the
deleterious effects of environmental conditions upon the stability and efficacy
of the compound.

The other option available for control would be the incorporation of an
inhibitory mechanism within the plant which would be triggered by the entry
of the nematode into the host. This would produce a cellular based response
which would preferably limit the mobility and, therefore, the feeding potential
of the worm, also reducing the damage caused by migration. The targeting of
the locomotory and feeding abilities of the worm with this type of control
strategy is more beneficial than the targeting of the reproductive capabilities
as the latter could only be operational upon the establishment of successful
feeding. Plants possess natural defences against nematode parasitism as a
result of co-evolution based around the production of secondary metabolites
(which are harmful to the nematodes) and cell necrosis (Huang, 1985; Ho et
al., 1992; Milligan et al., 1998). These responses within the plant result in a
change of environmental conditions which are disadvantageous for the
parasites. The use of potato cultivars which possess the resistance gene Gro-1
(formerly HI) against G. rostochiensis have proved successful, and are widely
used commercially. However the presence of this M-gene within the cultivar
does not provide resistance against G. pallida (Dale and Scurrah, 1998). The
presence of similar resistance genes (R-gcnc) have been identified within
tomato cultivars which possess the single dominant gene Mi, which confers
resistance against the three most damaging Meloidogyne species (Williamson,
1998).
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The use of transgenic plants in the control of plant parasitic nematodes is an
area of continuing growth and development. This technology utilises two key
aspects to improve nematode resistance based around the incorporation of
genes encoding anti-nematode effector proteins, peptides or RNA interference
(RNAi), and promoters responsible for directing the expression of these
effectors (Atkinson, Urwin, and McPherson, 2003). The transfer of natural Rgenes to crop species which do not possess a natural parasitism deterrant may
provide resistance in new crop cultivars. It is believed these R-genes identify
avirulant proteins from the parasite which trigger a hypersensitive response
(HR) resulting in localised cell necrosis or production of proteinase inhibitors
(Lilley, Urwin and Atkinson, 1999), reducing the successful parastisim by the
nematode. However, it has been suggested that the transfer of these R-genes
between species would have limited success as the target pathogens would
presumably develop resistance to them (Tzortzakakis and Gowan, 1996).

The use of RNA interference (RNAi) in transgenic plants may provide an
alternative method of control to the transfer of R-genes. This method is based
around the use of double stranded RNA (dsRNA) as a signal for gene specific
silencing as reported in Caenorhabditis elegans. Fire et al. (1998)
demonstrated that the injection of dsRNA into the nematode resulted in the
disappearance of the corresponding gene products in the somatic cells of the
worm. It is believed that RNAi results in the specific degradation of
endogenous RNA, transcribed and spliced from its gene, as a result of the
presence of dsRNA either injected or transcribed from an invert-repeat
transgene (Tavemarakis et al., 2000). Work by Boutla et al. (2002) provided
evidence that RNAs derived from plants exhibiting post-translational gene
silencing were able to produce RNAi within C. elegans. If this technology
could be incorporated within potato cultivars to target the transcription of
FaRP/s within G. pallida this would provide a novel method of controlling
potato cyst nematodes using transgenic plants. The ability of the plant to
silence FaRPs within an attacking nematode by producing dsRNA within
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affected cells would greatly increase the resistance potential of that plant.
Silencing of the genes responsible for the production of FaRPs, which may
regulate the valves controlling secretory peptide release would be a huge step
towards a specific, non-toxic control strategy.

This study has identified the presence of FaRPs within the neural network of
the feeding and sensory apparatus of G. pallida. Most significantly, FaRPs
were localised to innervation of the sub ventral valves that control the release
of the secretory peptides essential to the successful invasion of and migration
in the host. This information, combined with information from other species
for the diverse roles played by these peptides supports the case for targeting
these peptides as a future parasite control strategy.

Future work to consolidate the data produced in this study could involve the
localisation of FaRPs in nerve associated with the valve responsible for
releasing dorsal ampulla products within the anterior of the procorpus. Also,
the location of serotoninergic and glutamatergic neurones identified within the
pharynx and associated with the amphids would be advantageous at the
ultrastructural level. This would help to confirm the roles played by these
neurotransmitters at the sub-cellular level allowing more detailed comparison
to the distribution of neuropeptides within these structures. This may help to
unravel the complex nature of chemical signalling that exists between these
two classes of neurotransmitters in their modulation of nerve and muscle
function.

The localisation of FaRP-immunopostive staining within the anterior region of
G. pallida observed in this study, only represents the distribution of this
family of neuropeptides within the invasive juvenile stage (J2). It would be
desirable to repeat the study of the neuronal innervation of feeding and
sensory apparatus in G. pallida, with worms from stages J3 and J4. This
would allow the comparison of FaRP distribution between the different
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developmental stages of G. pallida. It would be interesting to observe if
neurones, associated with valves controlling the release of the sub ventral
ampullae contents, were immunopositive for FaRP. As these valves control
the release of secretory peptides believed to be involved in migration within
the host we would expect these valves to be inactive in the sedentary J3 stage
of development. Further predicited differences in the distribution of FaRPimmunopositive staining observed between the J2 and J3 may be seen
associated with the dorsal ampulla. The contents of this ampulla are reported
to be involved with feeding in the sedantery J3 which may suggest the
occurrence of FaRP-immunoreactivity in the nerve associated with the dorsal
ampulla.

A similar comparison could be made in respect to the distribution of
FaRPergic staining within the sensory neurones, namely those associated with
the amphids of different developmental stages. It might be expected that the
distribution of FaRP-immunostaining within neurones associated with the
amphids to be different in mature G. pallida compared to the invasive juvenile
stages. The mapping of FaRPergic staining within the anterior of G. pallida
could be further developed using specific antisera raised against the Nterminus of individual FaRP neuropeptides. This has been carried out in
arthropods, where a multiple antigenic peptide approach employs a lysine
backbone conjugated to eight copies of the target peptide and is used as an
immunogen to generate an N-terminal antiserum (Nichols et al., 1995). This
would allow more specific identification of the individual FaRP being stained.

Further molecular work could involve the location ofjlp-! 8 expression within
G. pallida along with the identification of further endogenous flp genes using
the growing database of expressed sequence tags (ESTs). This would enable
continuation of FISH to localise flp expression within neurones associated
with other motor and sensory functions e.g. reproductive structures. Also, the
use of RNAi technology could provide the opportunity to identify the
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functional roles of FaRP encoding genes by triggering the specific knockout
of their mRNA. This would enable studies to identify which peptide encoding
genes are responsible for the control of key behavioural activites. This would
include the identification of FaRPs responsible for controlling the valves
which regulate the release of parasitic secretory peptides, essential for the
successful parasitism of host plants.
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