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Abstract

The sugar beet cyst nematode, Heterodera schachtii, is a major agricultural pest.

The disruption of the mating behaviour of this plant parasite in the field may provide a

means of biological control, and a subsequent increase in crop yield. The H. schachtii

female sex pheromone, which attracts homospecific males, was collected in an aqueous

medium and isolated using high performance liquid chromatography. Characterization of

the male-attractive material revealed that it was heat stable and water soluble. The

aqueous medium conditioned by female H. schachtii was found to be biologically active

and stimulated male behaviour in a concentration dependent manner. The activity of the

crude pheromone was specific to males of H. schachtii and did not attract second stage

juveniles. Results indicated that vanillic acid, a putative nematode pheromone, is not an

active component of the H. schachtii sex pheromone. Male H. schachtii exhibited stylet

thrusting, a poorly understood behaviour of the male, upon exposure to the female sex

pheromone. This behaviour appeared to be associated with mate-finding and was used as

a novel indicator of biological activity in bioassays. Serotonin, thought to be involved in

the neural control of copulatory behaviour in nematodes, stimulated stylet thrusting.

However, the relationship between stylet thrusting induced by the sex pheromone and

stylet thrusting induced by serotonin is not clear. Extracellular electrical activity was

recorded fi-om the anterior region of H. schachtii males during stylet thrusting, and

appeared to be associated with this behaviour. The isolation of the female sex

pheromone of H. schachtii may, ultimately, lead to the structural identification and

synthesis ofthe active substance for use in a novel biological control strategy.
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Literature Review

1.1 Introduction

Nematodes form a diverse group of animals that occupy a wide range of

environments. Free living nematodes exist in marine or terrestrial habitats, while

parasitic forms are obligated to inhabit tissues of a plant or animal host. The following

sections describe Heterodera schachtii, an important plant parasitic nematode, and

review relevant works from the literature that discuss the life, behaviour and physiology

of this organism. It will be demonstrated that the reproductive physiology of//, schachtii

has not been fully elucidated, and that a further understanding of the commimication

between individuals of this parasitic species may, ultimately, lead to a novel biological

control strategy of//, schachtii.

1.2 Life cyc\e ofHeterodera schachtii

The first two developmental stages of //. schachtii (Schmidt) occur within the

egg. Hatching and emergence of the second stage juvenile (J2) has been shown to be

stimulated by diffusates produced by the root system of the host plant (Perry, 1987; Perry,

1989). Stimulation of hatching caused by root diffusates has been demonstrated in other

Heterodera spp. (Williams and Beane, 1979; Beane and Perry, 1983). In addition, root

diffusates stimulate stylet thrusting behaviour in H. schachtii J2s (Grundler et al, 1991).

The stylet is a spear-like structure located within the stoma, and is a typical structure of

plant parasitic nematodes. The newly emerged J2 is the infective stage of the cyst

nematode and travels toward a potential host while performing searching movements

with the head and probing activity with the stylet (Doncaster and Seymour, 1973). Once
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a suitable site has been located on the host, such as a growing root tip or where lateral

roots emerge (Baldwin and Mundo-Ocampo, 1991), the juvenile penetrates the epidermis

of the root with the stylet. Dickinson (1959) demonstrated that suction produced at the

anterior lip region of H. schachtii J2s enabled the infective juveniles to adhere to a

hydrophobic nitrocellulose surface and aided in stabilization during stylet penetration. It

was suggested that suberized plant roots fulfill a similar role of the hydrophobic substrate

in vivo, and allow infective juveniles to anchor themselves to the root surface.

After the H. schachtii J2 penetrates the epidermal layer of root tissue, the juvenile

settles in the region of the vascular bundle and penetrates an adjacent cell with the stylet

and exchanges materials with the host cell (Baldwin and Mundo-Ocampo, 1991). This

action stimulates hypertrophy of the plant cell, resulting in the formation of a modified,

multinucleated feeding structure, a syncytium, that is characteristic of a parasitic

infection by cyst-forming genera (Baldwin and Mundo-Ocampo, 1991). It is at this site

that the juvenile H. schachtii feeds and continues to develop (Wyss, 1992) into third and

fourth juvenile stages, and finally into the adult stage.

The entire life cycle, from egg to adult, may be completed in less than 30 days,

although generation time is greatly affected by environmental conditions (Baldwin and

Mundo-Ocampo, 1991), such as temperature, moisture and host species. At maturity,

females enlarge to form a white, lemon-shaped cyst (Mai and Mullea 1996) and remain

attached to the host root at the anterior region of the cyst. The remaining portion of the

sedentary female is exposed to the soil environment. Female cyst nematodes retain their

eggs in the body or may release them through a terminal vulva into a gelatinous matrix,

or egg sac, that, presumably, provides a certain degree of protection for the eggs fi-om
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predators and desiccation (Bird and Soeffky, 1972; Baldwin and Mundo-Ocampo, 1991;

Bird and Bird, 1991). A high degree of sexual dimorphism is apparent upon comparison

of male and female cyst nematodes, including H. schachtii, in the adult stage. While

females become sedentary cysts, adult males retain the J2 vermiform morphology and

emerge from root tissues as free living, mobile nematodes (Mai and Mullen, 1996).

1.3 Agricultural importance Heterodera schachtii

The agricultural importance of//, schachtii as a plant parasite was realized during

the late 1800s when it caused the devastation of sugar beet fields in Europe (Thome,

1961). The sugar beet cyst nematode was first identified in 1859 by the presence of

female cysts on host plants, and was later considered a new species in 1871 (Raski, 1949;

Thome, 1961). Although H. schachtii was taxonomically described on the sugar beet.

Beta vulgaris L., and is primarily associated with this host species, the host range of//.

schachtii also includes cabbage (Brassica), spinach (Spinacea) and radish (Raphanus)

(Baldwin and Mimdo-Ocampo, 1991).

1.4 History of plieromones

The term "pheromone" was proposed by Karlson and Ltischer (1959) to describe

substances that are secreted by an organism to the extemal envirormient and received by

a second organism of the same species, producing a "definite behaviour or a

developmental process". Law and Regnier (1971) introduced the more general term,

"semiochemicals", to describe substances, including pheromones, released by an

organism and received by another organism of the same or different species as a means

of communication. Pheromones would henceforth be considered semiochemicals having



;iifiV/ .y;v,i;;. iiubK oitt ni .;nri'jVvs\

(dvt A ban isM) -jboJfii

!i/0>' iv

jtif ,/'t>hoi.>ifrjii J?./v ';{fim'jl bus akra 'to

•^'t

•:^IJ looT mtiil '^gisfr •.

.(V^^iXMV , H'i'ji'it,/ r.

>3si{fi3iaj8w stmyw

!»ori sHj ,2:.:

•UllUjllgfi i-l

' •"... 1 ;jjiii 3j(,

^f3v/b^i:; .zJiiij!'.; fv-ort n<

'^uoiJl;

.(11- ,/>obnul.4 bfiunivv

/.TiAT-'f?!:! !?} -/irtt/rH t-

;m3l i>r'

•(^ Iwntiifiqc

"":v;^ b-jT'.

rn^tffii.

saalo



10

intraspecific activity, and would be distinguished from other semiochemicals having

interspecific activity. Since the inception of the term as a scientific construct, several

categories of pheromones have been proposed to classify chemicals into specific groups

based on the reactions they induce in the receiving organism, such as alarm, aggregation,

dispersion and sexual behaviour (Shorey, 1973). Of particular interest to the present

work are the sex pheromones that attract prospective mating partners to the source and

may stimulate copulatory behaviour in the receiver (Regnier and Law, 1968; Law and

Regnier, 1971; Shorey, 1973). The prevalence of these pheromones as a means of

communication in insects is well documented, and most tend to be volatile substances

capable of diffusing over great distances to exert a behavioural or developmental effect

in the receiver (Regnier and Law, 1968; Law and Regnier, 1971; Shorey, 1973; Howse, et

al, 1998).

The first sex pheromone from an insect was isolated by Butenandt et al. (1959)

from the silk moth, Bombyx mori. Males were attracted to volatile extracts of female

scent glands and responded with a characteristic wing fluttering behaviour. Subsequent

studies have demonstrated the presence of sex pheromones in other moth species using

other techniques of pheromone collection. Female sexual attractants from Heliothis spp.

(Klun et al, 1979) and Cryptophlebia leucotreta (Bestmarm et al, 1988) were collected

from ovipositor washings and scent gland aeration, respectively. Sex pheromones are the

primary means by which female moths broadcast their sexual receptiveness to

homospecific males, inducing male behaviours, such as arousal, patterned upwind flight,

orientation and mating (Hildebrand, 1995; Howse et al, 1998). Insects and their
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pheromones have provided a useful model for behavioural and neurobiological research

and have been studied extensively (Hildebrand, 1995).

Schneider (1957) demonstrated, for the first time, that olfactory receptors were

present on the antennae of insects and developed the electroantennogram, a means of

recording the summed electrical activity of these olfactory receptors after stimulating

them with a puff of volatile material (Howse et al, 1998; Chapman, 2000). Slifer (1957)

studied the structure of the antenna receptors under the transmission electron microscope

and discovered the presence of small pores in the cuticle, allowing the exposure of

sensory neurons to the external enviroimient. This finally answered the question of how

odour molecules, such as pheromones, could reach the dendrites of these neurons through

what seemed to be an impermeable cuticle and be detected by the male (Chapman,

2000). It is now known that insects have both gustatory and olfactory chemoreceptors

densely arrayed in the epithelia and exposed to the external environment that allow for

the transduction of chemical stimuli into meaningful information regarding the insect's

surroundings (Mullin et al, 1994; Hildebrand, 1995).

The occurrence of sex pheromones as a means of stimulating mate finding and

copulatory behaviour is not unique among the insects. Sex pheromones have been shown

to be released from other arthropods, such as mites {Tetranychus urticae; Cone et al.,

1971), ticks (Amblyomma americanum; Berger, 1972), crayfish {Procambarus clarkii;

Ameyaw-Akumfi and Hazlett, 1975), copepods (Temora longicornis; Weissburg et al,

1998; Yen et al, 1998) and from animals of other phyla, such as molluscs {Aplysia

brasiliana and A. califomica; Painter et al, 1998) and nematodes {Panagrolaimus
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rigidus; Greet, 1964). Of interest to the present work are the sex pheromones of

nematodes. These are discussed further in forthcoming sections.

1.5 Chemical attraction

Much of the early work that has provided fundamental evidence for the existence

of nematode pheromones (Green, 1966; Jones, 1966; Green, 1967; Greet et al, 1968;

Green and Plumb, 1970; Green and Greet, 1972) has involved the use of bioassays based

on the phenomenon of chemical attraction in a semiaqueous, agarose medium. In a

gradient of diffusing chemical attractants, nematodes display klinotaxis, the movement

up the gradient accomplished by successively sampling stimulus intensities with

swinging motions of the body, and chemotaxis, the movement up the gradient in response

to specific chemicals (Ward, 1973). Bone and Shorey (1978) felt that such insensitive

bioassays were partly responsible for the superficiality of nematode pheromone work,

and stressed the need for the development of rapid and sensitive bioassay techniques.

Nevertheless, bioassays based on chemical attraction on agar coated surfaces, coupled

with techniques of chemical separation, continue to be used (Bone and Bottjer, 1984;

Riga et al, 1997; Aumann et al., 1998a; Aumann et al, 1998b) and have provided

information regarding the chemical and physical properties of nematode pheromones.

Ehie to the predominance of studies involving chemical attraction in bioassays in the

literature, and the use of these assays in the present work, the concept of chemical

attraction in nematodes will be iterated.

It is assumed that the anterior, paired structures of the nematode, the amphids,

fulfill a major chemosensory role and allow for the detection of chemical gradients in
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vitro (Wright, 1983; Ashton and Schad, 1999). The amphids have also been shown to be

chemosecretory (Riga et ai, 1995). Ultrastructural reconstructions of sections of the free

living nematode, Caenorhabditis elegans, indicated the presence of synaptic connections

between nerve endings of the amphidial sensilla and the nervous system (Ward et al,

1975; Ware et al., 1975; White et al, 1986) confirming that the amphids were

morphologically characteristic of sensory organs. The nerve endings of the amphidial

sensilla penetrated the cuticle and were exposed to the external environment, indicating

that the amphids were likely to be chemoreceptive; by contrast, the irmer labial, outer

labial and cephalic sensilla had nerve endings embedded within the cuticle and were

considered mechanoreceptive (Ward et al, 1975). Jones et al (1994) reported

ultrastructural evidence that the structure of the amphids of a related plant parasitic

nematode, Globodera rostochiensis, were conserved throughout development after

hatching, and suggested that the amphids may be responsible for chemoreception

throughout the entire nematode life cycle.

Ward (1973) determined that sensory receptors in the head alone, presumably the

amphids, mediated the orientation response of C. elegans to chemical gradients of cyclic

nucleotides, anions and cations in agar coated Petri dishes. He was able to demonstrate

defects in klinotaxic behaviour by the analysis of responses of mutants in bioassays.

Caenorhabditis elegans nematodes selected for "head-covering blisters" of the cuticle

could not orient themselves when exposed to a chemical gradient, and behaved as if they

were in a stimulus-free environment. The orientation-deficient behaviour was attributed

to a defect in the fimctioning of the amphids. However, the most striking observation

reported was the defect in orientation behaviour of "bent-headed" nematodes, selected
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for a low penetrating mutation causing either dorsal or ventral bends at the tip of the

head. When placed on a solid surface, these bends appeared laterally, since nematodes

must travel on their sides to allow for the dorso-ventral undulatory movements required

for locomotion. Observations revealed that "bent-headed" nematodes travelled toward

the centre of the Petri dish in a complex spiral pattern, but always oriented themselves so

that their heads pointed directly up the chemical gradient toward the source. Additional

defective nematodes, those with a "shortened head" and "defective head muscles", did

not perform orientation responses as well as the wild type (Ward, 1973), emphasizing the

importance of the anterior receptors in chemical attraction. Ward (1973) concluded that

the length of the head, and its movements, are critical for chemical orientation because of

the location of the amphids.

The underlying neural mechanism of chemical attraction has been investigated

and results indicated that the amphids are the primary chemosensory organ of the

nematode. Bargmann and Horvitz (1991) selectively killed amphidial neurons in live C

elegans by laser ablation and tested the sensory capacity of operated nematodes in Petri

dish bioassays. Their findings revealed that only one pair of chemosensory neurons,

ASE', was imique in its importance to chemotaxis. Nematodes in which the ASE

neurons were killed were defective in their chemotaxic behaviour when compared to the

wild type. When all chemosensory neurons were killed, nematodes were chemotaxis

defective; but when only ASE neurons were allowed to survive, chemotaxic responses

were significantly more efficient (Bargmann and Horvitz, 1991).

Originally designated "e" (Ward et ai, 1975) but renamed for its association with the amphidial sensilla by

White CM/. 1986.
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The phasmids are paired structures in the tail region of secementean nematodes

and are believed to be sensory organs. Nematodes of the class Secementea are,

generally, distinguished from those of Adenophorea by the presence of the phasmids

(Bird and Bird, 1991). White et al. (1986) described the phasmidial sensilla of C

elegans as being exposed to the external environment, an arrangement similar to that of

amphidial sensilla (Ward et al, 1975), and suggested that the phasmids fulfill a

chemosensory role similar to that of the amphids. However, Ward (1973) had previously

demonstrated that the phasmids of C. elegans, unlike the amphids, were not necessary for

klinotaxis. Mutants selected based on their "tail-blistered" appearance oriented

themselves normally in a chemical gradient toward the source. The blisters of the cuticle

in these nematodes covered the region of the tail containing the phasmids (Ward, 1973).

These results suggest that the phasmids do not perform the same fimction as the amphids

since only the fimction of the amphids was disrupted by the presence of the cuticle

blisters. However, the blisters occurring on the cuticle of mutant C elegans may not

have affected the amphids and phasmids equally since the amphids are much larger and

have a prominent pore open to the external environment (Bird and Bird, 1991) which

may have left the amphids more susceptible to disruption by the cuticle blisters than the

phasmids. Despite this. Ward's (1973) findings that the phasmids were not essential for

klinotaxis were confirmed by Bargmarm and Horvitz (1991) who demonstrated that C.

elegans worms bearing mutations in the gene, lin-l 7, responded as well as the wild-type

to attractive substances. Mutations oi lin-l? in C. elegans cause defects in the formation

of the phasmid opening, preventing the exposure of phasmid neurons to the external
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environment (E. Hedgecock, personal communication, as cited by Sternberg and Horvitz,

1988).

Wang and Chen (1985) speculated that the phasmids of the male plant parasitic

nematode, Scutellonema brachyurum, may serve as receptors for sexual attractants

released by females. Their results from electron microscopy indicated that the

orientation of the electron-dense plugs, which are contained within the ampullae of the

phasmids, and the associated ducts leading away from the ampullae differ between male

and female S. brachyurum. Wang and Chen (1985) suggested that the morphological

variation of phasmids between the sexes may have indicated a difference in frmction.

Carta and Baldwin (1990a), however, rejected the idea of the phasmids of male plant

parasitic nematodes fimctioning to detect sexual attractants released from females. They

demonstrated the absence of the phasmids in adult males of three plant parasitic

nematode species, Verutus volvingentis, Cactodera eremica and H. schachtii, and ruled

out the possibility of functional phasmids in adult stages of these species. In fact. Carta

and Baldwin (1990a) determined that the phasmids of H. schachtii show signs of

degeneration during the J2 stage, confirming a previous report (Baldwin, 1985) that H.

schachtii J2s taken from the same population were found to have two distinct types of

phasmid morphologies: one more diminutive than the other. That H. schachtii males

lacking phasmids (Carta and Baldwin, 1990a) can successfully locate females, or

attractive substances released from females (Green, 1966; Green, 1967; Greet et al.,

1968; Green and Greet, 1972; Aumann and Hashem, 1993; Aumann et ai, 1998a, b)

indicates that mate finding behaviour is likely achieved by a different mechanism.
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possibly involving the anterior sensilla. The phasmids remain poorly understood sensory

organs.

Stephenson (1942) showed a unique reaction of the phasmid sensilla of the free

living nematode, Rhabditis terrestris, to changes in the osmotic pressure of the

surrounding medium. When R. terrestris were placed in a medium that was hypotonic,

relative to the culture medium, an increase in body length and width was observed

following an increase in internal water volume. Conversely, when the nematodes were

placed in a hypertonic medium, the nematodes lost water and were reduced in size.

Curiously, both phasmids hypertrophied during treatment in the hypertonic medium. It

was suggested that the phasmids may aid in the elimination of osmotically active

materials and regulate the internal volume of the nematodes (Stephenson, 1942). Further,

more recent evidence of the enlargement of the phasmids in hypertonic media has been

demonstrated in the larvae of free living (Poinar, 1965) and animal parasitic (Muller and

Ellis, 1973) nematodes, and in adult S. brachyurum (Wang and Chen, 1985) and supports

the tenant that the phasmids may act as osmoregulators (Stephenson, 1942; Poinar, 1965;

Wang and Chen, 1985; Carta and Baldwin, 1990b).

1.6 Pheromones of nematodes

Mate finding among amphimictic nematodes, such as H. schachtii, is one of

several types of behaviour that is accomplished, presumably, because of the presence of

chemical cues in the environment that play a role in nematode survival (Huettel, 1986).

Greet et al. (1968) commented on the rarity of mating in nematodes if it were to rely on

random contacts between sexes, especially where nematode populations are sparse. The
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present understanding of pheromone communication in insects suggests that other

invertebrates, such as nematodes, which must seek prospective mates, may have a similar

means of communication. Greet (1964) reported the first evidence of a nematode sex

pheromone. Sexes of Panagrolaimus rigidus were separated by a porous cellophane

barrier in troughs constructed from polyvinyl tubing. After 17 hours, males and females

had congregated on either side of the barrier, suggesting that the sexes were attracted to

each other because of the presence of a diffusing, water soluble chemical through the

barrier. The effects of this attractant, however, served only to bring the sexes together, as

the act of copulation was dependent on physical contact between males and females

(Greet, 1964). By 1980, sexual attraction had been demonstrated in at least 30 nematode

species (Green, 1980). The present section reviews past and recent contributions in

Hematology that have elucidated information regarding the female sex pheromone of//.

schachtii.

The sedentary lifestyle of H. schachtii females requires that mobile males be the

active partner in mate pairing. Green (1966) studied the orientation behaviour of//.

schachtii males to their females, and hypothesized that the male is guided by attractive

stimuli released by the female. Males exhibited klinotaxic behaviour on agar coated

plates in the presence of a diffusing chemical gradient of female pheromone. Green

(1966) concluded that the presence of materials released by females stimulated an

attractive, chemotaxic response in males; and that the attraction of males to females was

not the result of the random meeting between the sexes and the retention of the male by

the female because of tactile stimuli. The association between tactile stimuli and

copulatory behaviour, however, was not investigated.
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Green (1966) suggested that a labile pheromone with low chemical stability

would be advantageous in vivo by preventing the saturation of the soil environment with

the male attractant, which would otherwise destroy chemical gradients and cause fatigue

of male sensory receptors. An unstable pheromone would degrade faster and be

eliminated from the environment, allowing the attractant to be continually renewed from

its source, a live female, and intensify male responses to a particular female in the group.

The male-attractive pheromone of H. schachtii, however, was found to be stable in

solution, diffused through an aqueous medium, and was not detected by males in a

gaseous gradient (Green, 1967). That the pheromone substance released from H.

schachtii females was not volatile, was further argued, as Green (1967) indicated that

drying and redissolving secretions from females did not reduce the male-attractive

properties of the material.

Prompted by the discovery that female "extracts enclosed in the same vessel

contaminated each other". Greet et al. (1968) provided evidence contrary to earlier

findings by Green (1967) and reported the existence of an attractive, volatile component

of the H. schachtii female pheromone. Blocks of agar were placed in a sealed container

with an aqueous source of the pheromone such that only volatile materials could be

transferred from the pheromone source to the agar blocks. Although the agar blocks

were attractive to males in bioassay experiments, results indicated that males were less

attracted to the volatile materials than they were to the aqueous; standard. Greet et al.,

(1968) suggested that the volatile component of the pheromone likely plays an indirect

role in vivo, possibly by arousing inactive males until they come into contact with a

stronger, aqueous pheromone gradient.
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The aqueous, male-attractive pheromone of H. schachtii was found to be

primarily released from the tail of the female (Green and Greet, 1972). Materials were

collected directly from the vulvae of females and bioassayed for pheromone activity.

The finding that males were attracted to materials collected from female vulvae

implicated the vulva as the site of release of the H. schachtii pheromone, and it was

suggested that the gelatinous matrix surrounding the vulva acts as a carrier of the

pheromone (Green and Greet, 1972). This hypothesis seemed likely since the release of

the pheromone is correlated with the secretion of the gelatinous matrix (Green and Greet,

1972), and it has been suggested that these actions may be triggered by the same

gonadotropic hormone (Green, 1980). In addition to their findings described above.

Green and Greet (1972) reported that males were attracted to materials collected from the

heads of//, schachtii females, although to a lesser degree, and pointed out the difficulty

presented to the male in locating the vulva during copulation if this behaviour were to

rely on the same sensory mechanism {i.e. pheromone detection) that initially attracts the

male to the female. Perhaps a tactile stimulus would allow H. schachtii males to locate

the vulvae of females after initial contact. Evidence of the dependence of copulatory

behaviour on physical contact between sexes, possibly because of tactile stimuli, exists in

studies of other nematode species (Greet, 1964; Chin and Taylor, 1969), and may provide

insight into the reproductive behaviour of//, schachtii.

Recently, several groups have undertaken the task of characterizing nematode

pheromones of Heterodera spp. Aumann and Hashem (1993) collected materials

released by H. schachtii females in several solvents, including water, and reported

biological activity of pheromone components possessing both polar and nonpolar
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properties. Characterization of a water soluble component of the H. schachtii sex

pheromone was later reported (Aumann et ai, 1998b), but no water soluble substance

suspected of possessing sex pheromone activity was isolated.

A case for a water soluble pheromone of H. schachtii has been established.

Intuitively, the pheromone should be soluble in water since nematodes inhabiting a soil

environment would have to release and diffuse their pheromone through a partially

aqueous medium. The possibility of a volatile component of the pheromone has also

been investigated. Using methods of gas chromatographic separation, coupled with

behavioural bioassays, Aumann et al. (1998a) attempted to characterize a volatile

substance extracted from the gelatinous matrices of//, schachtii females in pentane and

methanol. They reported to have partially isolated two volatile components of the H.

schachtii pheromone in both solvents. However, no details of statistical analysis were

reported and no control was used. The authors did not investigate the possibility that the

pentane and methanol solvents used to isolate materials from females might have been

biologically active. There was also a substantial variation in the responses of males to

fractions not containing the pheromone during bioassays. For example, in separate

bioassay trials of fractionated female materials collected in pentane, between 0% and

27% of males responded to fractions not containing the putative pheromone, while

between 20% and 40% of males responded to fractions that did contain the putative

pheromone. Fractions of female materials collected in methanol containing the putative

pheromone yielded more convincing results when compared to methanol extracts not

containing the putative pheromone, although, both of these fractions attracted 33% of the

males in one trial (Aumann et al, 1998a). Although the results presented by Aumann et
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ai, (1998a) were not compelling, it appears as though they may have isolated a weakly

attractive, volatile substance that may subserve an indirect role in sexual attraction, as

suggested by Greet et al. ( 1 968).

To date, only one substance, vanillic acid, has been structurally identified as a

putative nematode pheromone (Jaffe et al, 1989). Males of//, glycines responded to the

volatile vanillic acid, at concentrations ranging from 10"' M to 10'* M, by coiling their

bodies. However, H. schachtii males have been shown not to respond to the same

concentrations of vanillic acid in chemotaxis bioassays (Aumann and Hashem, 1993). It

is possible that vanillic acid is not an active component of the H. schachtii female sex

pheromone since males of this species do not appear to react to the authentic compound

(Aumann and Hashem, 1993). Furthermore, a number of vanillic acid analogues have

been shown to exhibit nematicidal activity in the filarial nematode, Litomosoides carinii,

and cause sterilization of surviving worms (Varma et al., 1993). In addition, vanillic acid

extracts from the China berry tree, Melia azedarach (Varma et al., 1993), possessed

significant anthelminthic' activity against the cestode. Taenia canina, and the trematode,

Paramphistomum cervi, in vitro (Neogi et al., 1963). The broad spectrum activity of

vanillic acid and its analogues against the survival of helminths (Neogi et al., 1963;

Varma et al., 1993) suggests that these substances would not be advantageous to

Heterodera spp. as a sex pheromone. Furthermore, the coiling response of H. glycines

males to vanillic acid (Jaffe et al, 1989) may have been induced by the nematicidal

(Varma et al, 1993), not pheromonal, properties of vanillic acid.

'The term "anthelminthic" or "vermifuge" describes a drug which destroys intestinal worms.
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1.7 Control of plant parasitic nematodes

It is thought that during opportune phases of the nematode life cycle, such as

during mate finding, male sensory perception and reproductive ability may be susceptible

to disruption (Perry, 1994; Bone, 1987). The exploitation of this idea to reduce nematode

pest populations using nontoxic or natural substances has justifiably focused attention on

studies of behavioural responses to chemoattractants. The banning of synthetic

nematicides for control of plant parasitic nematodes has placed importance on the search

for naturally occurring, behaviour modifying, biocontrol agents (Heuttel, 1986). If the

sex pheromone of H. schachtii is isolated and structurally identified, the substance has

the potential to be synthesized and used as a biocontrol agent to saturate the environment

that the nematodes inhabit (Bone, 1987). Similar techniques have been employed with

insects and have successfully allowed for the control of pest populations (Carde and

Minks, 1995; Howse et al, 1998). Such a strategy may decrease the probability of

successful mate finding and reduce populations of H. schachtii in the field, leading to

crop protection and an increase in crop yield.

1.8 Nematode behaviour

Male nematodes exhibit several distinct behaviours that are associated with

copulation. These behaviours, and their potential as indicators of male sexual

stimulation, are discussed in the present section. The spicules are posterior, ventral

structures of the male, occurring in pairs in most nematodes, that are used during

copulation (Bird and Bird, 1991). The rigid blade-like spicules of Heterodera spp.

consist of a hard, sclerotized cuticle and interlock with each other to form a tube-like
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structure forming an extension through the cloaca during sexual stimulation of the male

(Clark et ai, 1973). Early reports of copulatory behaviour in nematodes indicated that

when males of Z*. rigidus (Greet, 1964), Pelodera teres (Jones, 1966) and Cylindrocorpus

spp. (Chin and Taylor, 1969) encountered homospecific females, a coiling of the male

tail occurred, accompanied by eversion of the spicules. The spicules aid in anchoring the

male to the female during copulation and ensure the safe transfer of sperm from the vas

deferens through the cloaca to the female (Clark et ai, 1973). Furthermore, evidence of

sensilla contained within each spicule extending from the base to a small, distal pore

suggests that the spicules may serve a sensory role as well (Clark et al, 1973; Bird and

Bird, 1991). Curling of the male tail, also referred to as coiling, and spicule eversion

have been observed in Heterodera as precopulatory behaviours in root explant cultures

and on agar plates in the presence of materials produced by females (Huettel and Rebois,

1986). However, these same behaviours have been observed to be dependent on physical

contact between sexes in other species (Greet, 1964; Chin and Taylor, 1969; Loer and

Kenyon, 1993) and may be dependent on the presence of tactile stimuli provided by the

female mating partner. Coiling behaviour of the male, in the absence of females, was

used as an indicator of sexual stimulation and to identify vanillic acid as the putative sex

pheromone of//, glycines (Jaffe et ai, 1989).

An additional accessory reproductive structure in some nematodes is the male

copulatory bursa. In many secementean nematodes, including C. elegans and

strongyloids, such as Heligmosomoides spp. where this structure is very pronounced, the

cuticle of the tail is modified to form a fan-like bursa, containing several sensillary rays

that clasp the female near the site of the vulva and aid in the insertion of the spicules
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prior to insemination (Bird and Bird, 1991). Marchant (1970) demonstrated that a "flare"

of the male copulatory bursa in H. spiralis (formerly Nematospiroides dubim) could be

used to identify water soluble sexual stimulants produced by females. Males were

reported to have displayed bursal flaring when placed in a drop of solution with a female

and in a medium that had previously contained females. After studying the behaviour of

over 220 individuals of Heligmosomoides spp., Croll and Wright (1976) were unable to

confirm Marchant' s (1970) observations. Flaring of the male bursa occurred

spontaneously and, contrary to earlier findings (Marchant, 1970), was more characteristic

of an inactive male than one that was sexually stimulated (Croll and Wright, 1976) which

suggests that bursal flaring can not be used as a means of bioassay.

There has not been the development of a behavioural bioassay, with the exception

of those involving chemotaxis, that has provided a means of identifying female sex

pheromones by observing the male. A male behaviour that is not dependent on tactile

communication with a female, and that is observed during or before copulation, would be

an ideal indicator of the presence of a sex pheromone and may provide information

regarding the physiological and behavioural state of the male. This behaviour must occur

independently of the presence of females and would, therefore, demonstrate a response of

the male to other stimuli, such as sex pheromones. Thrusting of the adult male stylet is

reported to occur in H. schachtii and G. rostochiensis as the males probe the vulval area

of female cysts (Green and Greet, personal communication, as cited by Clark et ai,

1973), but this behaviour has not been quantified or further investigated. The purpose of

this behaviour is presently not understood, since males of Heteroderidae reportedly do

not feed as adults (Franklin, 1965; Shepherd, 1965). Stylet thrusting in H. schachtii
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males may, potentially, serve as an indicator of sexual stimulation by female pheromones

if this behaviour can be induced upon exposure of males to these substances in the

absence of the female and possible confounding tactile stimuli.

The involvement of the stylet in the process of mate finding or copulation has

never been proposed in the literature, but its function as a feeding structure is well

documented. Linford (1941) first observed the feeding process of plant parasitic

juveniles to include the forward movement of the stylet into a host cell and an associated

period of "sucking out cell contents". The removal of cell contents by the nematode was,

presumably, achieved by the negative pressure created within the pharyngeal lumen

produced by pharyngeal pumping contractions, as has been demonstrated in Ascaris

(Saunders and Burr, 1978). Wyss (1992) has also observed the coordinated use of the

stylet with contractions of the pharynx in H. schachtii during feeding. Stylet-bearing

parasitic nematodes, such as H. schachtii, appear to have undergone a modification of the

anterior pharyngeal muscles into the stylet protractor muscles (Bird and Bird, 1991).

Ultrastructural studies have shown the presence of three non-contractile cell bodies of

stylet protractor muscle cells in the procorpus of Meloidogyne incognita, H. glycines

(Baldwin and Hirschmann, 1976; Baldwin et al, 1977; Endo, 1984), Sarisodera

hydrophila (Baldwin, 1982) and Ditylenchus dipsaci (Shepherd and Clark, 1983). Endo

(1984) determined that the procorpus of H. glycines contained three nuclei of cells

associated with stylet shaft tissue. The close association between pharyngeal and stylet

protractor muscle tissue suggests that the stylet protractors did derive from primitive

pharyngeal musculature, and may account for the intimate, fimctional association of the

stylet with the pharynx (Baldwin and Hirschmann, 1976; Wright et al.. 1983; Bird and
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Bird, 1991). In addition, Baldwin and Hirschmann (1976) indicated that the basal

lamina, which lines the lumen of the pharynx, encompasses secondary muscle cells of the

stylet protractors and that the shaft of the stylet is more closely related to the pharynx

than the stoma.

The complete anatomy of the pharynx of C. elegans has been described in detail

from serial section electron microscopy (Albertson and Thomson, 1976). Pharyngeal

neurons were found to synapse with muscle en passent in a manner similar to that of

ventral cord neurons with somatic muscles, as described by White et al. (1976).

Although processes of nerve cells contained within the pharynx of plant parasitic

nematodes have been described (Baldwin et al, 1977; Baldwin, 1982; Shepherd and

Clark, 1983; Endo, 1984), a detailed record of neuromuscular synapses in these

nematodes is lacking. This problem has been addressed elsewhere (Brownlee et al,

1994). It is not known from where stylet protractor muscles receive irmervation from the

nervous system or where these neuromuscular synapses occur. Baldwin et al (1977)

described small cell processes surroimded by numerous junctional complexes' in the

anterior procorpus of Heterodera and Meloidogyne, and speculated that these may be

neurons that iimervate the sylet protractors. Shepherd and Clark (1983) reported that

similar cells in D. dipsaci appeared to be neuronal but did not comment on their fimction

or possible sites of synaptic irmervation. That the noncontractile cell bodies of the stylet

protractors lie in the anterior procorpus suggests that the protractors may receive

contractile stimuli from neurons in this region. In all nematodes, somatic^ muscle cells

'junctional complexes support and surround the pharyngeal lumen, and probably reflect the amount of stress

applied to this region during stylet and pharyngeal activity (Baldwin et al., 1977). These and cells adjacent

to the junctional complexes were collectively referred to as the "lumen complex" by Yuen (1968).

^It should be noted that the protractor muscles are not considered somatic (Bird and Bird, 1991) but their
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are composed of a noncontractile region which receives synaptic input from the nervous

system required for contraction (White et al, 1986; Bird and Bird, 1991). Albertson and

Thomson (1976) determined that the Ml motor neuron traverses the entire length of the

pharynx to innervate cells of three muscle groups of the procorpus. Although a

pharyngeal neuron similar in morphology to Ml in stylet-bearing plant parasitic

nematodes has not been reported, it is likely that a neuron similar to Ml exists in these

nematodes, and may innervate the protractor muscle cell bodies located in the procorpus

and stimulate protractor muscle contraction.

Extrusion of materials through the stylet orifice, another behaviour typical of

feeding juveniles, has been observed to occur in conjunction with stylet thrusting activity

(Wyss, 1992; Sobczak et al., 1999). McClure and von Mende (1987) were able to

stimulate stylet movement inM incognita with catechol, and reported that this behaviour

was correlated with stimulation of the subventral pharyngeal glands and the release of

materials from the tip of the stylet. The simultaneous actions of the protractor muscles

moving the stylet and the stimulation of the subventral glands may be explained by

ultrastructural evidence obtained from C. elegans. Albertson and Thomson (1976) found

that a pair of motor neurons each synapse with muscle and gland cells of the pharynx,

and speculated that the fimction of the gland cells may be to secrete digestive enzymes

during contraction of the pharynx. The coordinated stimulation of pharyngeal gland

secretion and stylet thrusting in plant parasitic nematodes may be the result of an

innervation pattern similar to that of the C. elegans pharynx, which supplies secretory

somatic-like arrangement warrants this comparison.
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and contractile stimuli from the nervous system to the pharyngeal glands and procorpus

region, respectively.

The observation that adult male plant parasitic nematodes are capable of stylet

thrusting behaviour (Green and Greet, personal communication, as cited by Clark et ai,

1973) suggests that the associated pharyngeal musculature may be functioning in concert.

The purpose of such a behaviour of nonfeeding aduhs is unclear, but evidence of possible

gustatory receptors in the stoma associated with the stylet of plant parasitic nematodes

(Robertson, 1975; Shepherd et al, 1980) suggests that males may be capable of detecting

chemical stimuli in the stomal cavity. Contractions of the pharyngeal muscles would be

necessary for the nematode to ingest fluids from the surrounding envirormient and use the

putative gustatory receptors to detect chemical substances. Gustatory receptors are

known to occur in insects to detect nonvolatile, waterbome nutrients and pheromones

(Schneider, 1969; Mullin et al, 1994; Balakireva et al, 1998).

The monoamine, serotonoin', has been shown to have a profound effect on the

copulatory behaviour of nematodes under experimental conditions, and has been

beneficial in the determination of the neural control of behaviours in the nematode

nervous system. The exogenous application of serotonin may exert its effect on

nematodes through absorption of the drug, as serotonin has been shown to cross the

semipermeable cuticle of Ascaris (Chaudhuri et al., 1988). However, since the

concentration of any drug required to produce an effect on a living nematode is, typically,

as much as a thousandfold higher that concentrations required when working with

exposed cells (Rand and Johnson, 1995), serotonin concentrations of 10"^ M have been

'S-hydroxytryptamine (5-HT),
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used (Horvitz et ai, 1982; Raizen and Avery, 1994; Avery et al., 1995). The activity of

the pharynx, though not previously reported to be related to copulation, is susceptible to

the effects of serotonin. Contraction, or pumping, frequency of the pharynx has been

shown to increase in C elegans after serotonin treatment (Horvitz, et al., 1982; Raizen

and Avery, 1994; Segalat et al., 1995; Avery et al., 1995). Second stage juveniles ofM

incognita responded to serotonin by movement of the stylet (McClure and von Mende,

1987): a behaviour produced by the contraction of the protractor muscles associated with

the pharynx. The presence of serotonin activity in the pharynx of several nematode

species has been demonstrated (Anya, 1973; Horvitz et al., 1982; Johnson et al., 1996;

Brownlee et al., 1994), and it appears that serotonin may serve as a neurotransmitter or

neuromodulator in the control of the pharynx during feeding behaviour of C. elegens

(Albertson and Thomson, 1976; Horvitz et al., 1982) and Ascaris (Johnson et al., 1996).

Serotonin has also been shown to be required for tail curling behaviour in C.

elegans (Loer and Kenyon, 1993), to stimulate tail curling in Ascaris (Reinitz and

Stretton, 1996), vulval muscle contractions leading to egg-laying (Horvitz et al., 1982;

Waggoner et al., 1998) and to inhibit defecation in C elegans (Segalat et al., 1995).

Defecation is relevant in this discussion because the muscles responsible for this

behaviour, the anal depressor and sphincter muscles, are modified in males during the

fourth juvenile stage to function in spicule eversion and ejaculation, respectively, during

copulation of mature nematodes (Sulston et al., 1980). Motor neurons of C. elegans

controlling tail curling in males, and egg-laying in hermaphrodites, have been identified

as serotonergic (Loer and Kenyon, 1993; Segalat et al., 1995).
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1.9 Electrophysiology

Electrophysiological bioassays have proven to be useful in measuring the

responses of stimulated insects in the study of pheromone communication (Howse et al,

1998). Responsive activity in male insects has been recorded directly from the antennae,

which contain olfactory receptors (Schneider, 1957), from individual sensilla (van der

Pers and Minks, 1993) and from the thoracic musculature during wing farming behaviour

(Obrecht and Hanson, 1989) upon exposure of the male to homospecific female

pheromone. The successfiil application of electrophysiology to the study of pheromone

communication in insects has provided a system by which similar work with nematodes

may be modelled. It is conceivable that the present understanding of the simple nervous

system of the nematode (Ward et al, 1975; Ware et al, 1975; Albertson and Thomson,

1976; White et al, 1986) and the exploitation of electrophysiological methods may lead

to the isolation of a nematode pheromone.

Studies in nematode electrophysiology have primarily involved the large animal

parasite, A. sinim, and the microscopic, free living nematode, C. elegans. These

nematodes are taxonomically related only by the presence of the posterior phasmid

receptors, typical of the Secementea (Maggenti, 1991), but otherwise differ from each

other in terms of morphology and life history. Ascaris spp. were first used in

electrophysiological experiments by Jarman (1959), who exploited their potential for

studies in neuromuscular physiology, and have since been an ideal animal model because

of the relatively large size of the majority of their neurons in comparison with those of

other nematode species (Davis and Stretton, 1992). Motor neurons in A. suum range

from 10-35 nm in diameter (Davis and Stretton, 1989a, 1996) and have allowed for
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intracellular and extracellular recordings of neuronal activity (Davis and Stretton, 1989a,

1992).

Caenorhabditis elegans is a substantially smaller nematode, approximately 1.3

mm in length and 80 ^m in diameter (White et al., 1986), and has received considerable

attention in neurobiology. The structure of the entire nervous system of C. elegans has

been revealed by the reconstruction of serial sections of electron micrographs (Ward et

al, 1975; Ware et al, 1975; Albertson and Thomson, 1976; White et al, 1986) and has

provided a foundation for the study of the nervous system of all nematode species. Due

to the small size of its neurons, typically 2 jim in diameter at the cell body (Avery et al,

1995), neuronal activity of C. elegans has, so far, only been recorded using patch-clamp

techniques. Intracellular recordings of such small neurons would not be feasible without

causing considerable damage to the cell. Goodman et al, (1998) demonstrated that an

amphidial neuron, ASE, did not generate classical Na* action potentials under whole-cell

patch-clamp recording in situ. Their report confirmed earlier findings that classical

action potentials could not be recorded from neurons of A. suum (Davis and Stretton,

1989a; Davis and Stretton, 1989b). These findings, and the similarity in neuronal

structures of A. suum and C. elegans (Davis and Stretton, 1996), allows one to draw a

parallel between the nervous systems of animal parasitic and free living nematodes, such

as these, and suggests that plant parasitic nematodes may share similar neuronal

characteristics.

The paucity of reports concerning the neurobiology of plant parasitic nematodes

in the literature may be a reflection of the technical difficulties encountered when

working with such an organism. Heterodera spp. in the adult stage may only be 1.25 mm



iiOiiiiir. un:i a/m.' iiiJlM!:^J;,(,Xi/ Z^.as "I£liJU!j:Ji;i;.

fsvflfy.oioqti .abofi^man vMBmi /I'

tfiHRV^hvf.rc-i b'i/hyy\ -lin bnt

.{£Wi

rny f>8 bn

ij<j>n5n I'Utps ^-rt;
'

qtntiib-d-Jitiq gai«:u Lobtoaun ns-xJ

n»nrtir'f- '.h^j^BsS ad ton bUjOv; .•.

nfi IsfiJ batinleaofn:)b ('AQ'^'

Ui; noBhffi

E web 03 ?nO iWO'iA

..*:-borafT...

ijisiO"»u»{5 !d!ifni<; sisda vfiff

ffsff '^Jljratnftq jt

)lUJf»-jfiQ ?3tJUJ

ioiysfi ni «o«D

I .-.*!> ..i/«

'^M ,.\» vj sieW ;^'

ifil'i'j ..:i:i 3dj 70i no'

". '/Hsoiq,'".' .'aoijj*»fl gji^o

•O \fi(VI

>nibT')3-3T ii-;i;-f!s'fSTt(tf ?'j!

smsb •>'-

!n>;u.J'

:0 Vftfff Qs|R



33

in length and 34 urn wide (Mai and Mullen, 1996) which is less than half the typical

diameter of an adult C. elegans. Immobilization and whole-cell recording techniques

used with C. elegans (Goodman et al, 1998) would, in all likelihood, be more difficult

with H. schachtii. Furthermore, recent advances afforded by the investigations of C

elegans, such as the ultrastructural descriptions of the nervous system (Ward et al., 1975;

Ware et al., 1975; Albertson and Thomson, 1976; White et al., 1986) and the completion

of the entire genome sequence (C. elegans Sequencing Consortium, 1998) have already

provided researchers with an ideal nematode model, and have made plant parasites an

unlikely target of neurobiological study.

Investigations of the behavioural and physiological effects of nematode sex

pheromones have recently been extended into the field of electrophysiology. Using

extracellular recording techniques, Riga et al., (1996) were able to record a reversible

increase in electrical activity from the cephalic region of male potato cyst nematodes,

Globodera spp., when the males were exposed to homospecific female pheromones. The

increased activity was thought to be the result of a cellular response induced by the

application of the pheromone. The electrophysiological assay was subsequently used to

demonstrate biological activity of two isolated fractions of the G. rostochiensis sex

pheromone after high performance liquid chromatographic separation (Riga et al., 1997).

However, the cellular responses (Riga et al., 1996) were not determined to be myogenic

or neurogenic. The close association between chemosensory structures, such as the

amphids, and the three stylet protractor muscles v^thin the cephalic region may bring

difficulty to the task of distinguishing between muscular and neuronal activity during

extracellular recording. Davis and Stretton (1992) commented on the complications
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involved with the interpretation of extracellular recordings from the nerve cords of A.

suum because of the close association of nerve and muscle tissues. Using a dissected

preparation, they were able to distinguish between muscle and neuronal activity in A.

suum by recording from surgically isolated neuronal and muscle tissues. In addition, only

myogenic activity was abolished after the addition of curare to the preparation (Davis and

Stretton, 1992). It is not likely that the same criteria developed by Davis and Stretton

(1992) can be used to distinguish neuronal activity from activity caused by muscle

contraction in plant parasitic nematodes because of the small size of these organisms.

The nearly autonomous nervous system of the C. elegans pharynx provides a

model system for the study of neural networks and membrane excitability (Albertson and

Thomson, 1976; Raizen and Avery, 1994). Raizen and Avery (1994) demonstrated that

the contraction of pharyngeal muscles, induced by the application of serotonin, was

directly correlated with the recording of extracellular signals from the head of an intact

C. elegans. They showed that these electrical transients were myogenic, and were the

result of the contraction and relaxation of the corpus and terminal bulb of the pharynx.

The successful recording of myogenic activity from C. elegans represents the potential

for the application of techniques similar to those of Raizen and Avery (1994) that may be

useful for recording similar muscular events in H. schachtii, such as the contractions of

the pharynx and associated protractor muscles of the stylet.

1.10 Objectives

The objectives of the present thesis were to confirm the presence of a

male-attractive, water soluble sex pheromone released from H. schachtii females, and to
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isolate and characterize a biologically active component of the pheromone using high

performance liquid chromatography. A novel bioassay was developed to demonstrate the

biological activity of the H. schachtii pheromone on a poorly understood male behaviour.

In addition, this bioassay was used to determine if vanillic acid, a putative nematode

pheromone, possessed properties similar to those of the isolated H. schachtii sex

pheromone. The effects of serotonin on the induction of behaviours typically associated

with copulation were investigated to confirm the significance of serotonin and copulation

reported in other nematode taxa. Finally, extracellularly recorded electrical activity of

the male was investigated to determine its potential as an indicator of biological activity

in a novel electrophysiological bioassay to indentify the presence of nematode sex

pheromones.
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Materials and Methods

2.1 Rearing and collection of nematodes

All nematodes originated from a stock of stonehead cabbage, Brassica oleracea,

L. var. capitata (Stokes Seeds Ltd., St. Catharines, Ontario), maintained in fertilized soil

under consistent greenhouse conditions at 18°C and a 16 hour photoperiod. Soil and root

materials from these cultures were removed as needed no earlier than 8 months after

inoculation with H. schachtii second stage juveniles (J2s). This amount of time allowed

for the propagation of several generations of nematodes. Mobile stages of H. schachtii

were collected following a modification of the methods of Whitehead and Hemming

(1965). Collection procedures involved the use of 20 cm aluminum pans fitted with 18

cm nylon filtering screens. A 50 g sample of soil was taken from stock cabbage cultures

and was gently compressed and wrapped in a single piece of tissue (Irving, Dieppe, New

Brunswick) which served as an inexpensive, coarse filter. The wrapped soil was then

placed on the filtering screen inside the aluminum pans. A volume of 80 ml of water was

added in each pan to draw nematodes out of the soil and into the bottom of the aluminum

pans for collection. The tissue and filtering screen prevented the unwanted soil and

debris from collecting in the pans, and allowed for the separation ofnematodes fi:x)m host

roots and soil. Thirty to 40 pans were typically set up in this manner, and were kept in

plastic bags in the dark at 23°C to reduce evaporation. After 7 days, water containing

only nematodes was collected from pans and stored in an Erlenmeyer flask at 2°C until

needed. Male and J2 nematodes could be collected by pipette after two hours when

materials had settled to the bottom of the flask and much of the water had been siphoned
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away. Nematodes were manually collected from the water and manipulated using a fine

glass hook that was constructed using glass capillary tubes (1.55 nun x 0.86 mm, A-M

Systems Inc.) pulled on a micropipette puller (David Kopf Instruments), and flame

polished to a fine hook approximately 25-40 \im in thickness.

In order to produce females of similar age, and presumably similar physiological

state, females were reared under controlled conditions. Cabbage seedlings were placed

in transparent seed growth pouches (Mega International of Minneapolis) 7 days after

germination, and grown in the greenhouse, as above. Seedlings were treated only with

dechlorinated tap water and were not fertilized, as the development of female cysts and

the production of pheromone during rearing may have been adversely affected. After 14

days, when a substantial root system had developed, cabbage seedlings were infected by

pipetting 200 H. schachtii J2s per seedling. Progress of female development could be

observed in the growth pouches throughout the rearing period. Virgin females reached

maturity at approximately 3 weeks postinoculation when the gelatinous matrix was

produced, and were removed for pheromone collection.

2.2 Collection ofHeterodera schachtii pheromone

An aqueous suspension containing H. schachtii female pheromone was produced

by carefully removing mature cysts from the host with fine forceps. Since cyst size was

correlated with the thickness of the vascular bundle (see Appendix 1), large cysts were

consistently selected from large roots, at the proximal region of the the root system, to

collect a consistent and maximum amount of pheromone. Twenty females, with

gelatinous matrices, were placed into a stoppered vial containing 1 ml of ultrapure water
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(Ultrapure Organic Cartridge, Millipak 4.0, 0.22 ^im, Millipore) for 3 days to collect any

materials the females had released. The aqueous female conditioned medium (FCM)

containing pheromone was then separated from the cysts with a pipette and stored at

-20°C until used. Initially, several different concentrations of FCM were produced by

altering the number of females incubated per ml of ultrapure water, and the number of

days of incubation, to determine the incubation methods necessary to collect optimal

amounts of pheromone that would yield significant results in bioassays (described

below). Lots of 5, 10, and 20 females were each incubated for 2, 3 and 4 days at 23°C.

Once optimal methods had been established (Appendix 2), all subsequent amounts of

FCM were produced by incubating 20 females for 3 days. Amounts of FCM were

produced in this manner as needed, and always used within 3 days of collection.

2.3 Chemical analysis

Absorption spectrophotometry was performed to determine the absorptive

properties ofFCM in the ultraviolet and visible regions (200-800 rmi). This information

was necessary for the determination of optimal detection wavelengths to be used during

chromatographic analysis (described below). Volumes of 150 ^il crude FCM were

pipetted into a quartz cuvette (QS 1.0 Hellma, Germany) and placed inside a Beckman

DU Spectrophotometer for UV-VIS detection. A 150 ^1 volume of 10'^ M vanillic acid

(Sigma), a material believed to have pheromone-like properties (Jaffe et ai, 1989) was

also tested for absorbance activity.

Reverse-phase partition high performance liquid chromatography (HPLC) was

performed using a Hewlett Packard 1090 Liquid Chromatograph to fractionate FCM.
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Ultrapure water was the primary component of the mobile phase, and acetonitrile (190,

Caledon) was added following a linear gradient from zero to 80% v/v over 12 minutes.

Volumes of 150 ^il FCM were injected at a rate of 833 nl/min and travelled through a 30

X 3.2 mm 5 \i Spherisorb ODS-2 filter (Phenomenex) and a C- 18 250 x 3.2 mm 5 ^i

Spherisorb ODS-2 column (Phenomenex) at 0.6 ml/min. Column temperature and

pressure were maintained below 29°C and 180 bar (1.80 x 10^ Pa), respectively. Solvents

were continuously sparged with helium to remove dissolved gases. The activity of

samples eluting between and 12 minutes was monitored using a diode array detector at

wavelengths determined by absorption spectrophotometry. Retention time and peak

absorbance data were collected and stored using HP ChemStation (Hewlett Packard).

Fractionated samples of FCM were collected directly into separate glass concentrator

tubes (Kontes) in sequence as they eluted from the column (see below), and were

evaporated to near dryness at 23°C using nitrogen gas (Praxair Canada Inc.) to remove

mobile phase solvents. Nitrogen gas was regulated at 138 kPa (20 Ib/in^) pressure and

discharged through an evaporating unit (Reacti-Vap, Pierce Chemical Company) directly

into concentrator tubes. Samples were reconstituted with ultrapure water back to the

original injection volume. Evaporation and reconstitution was repeated once more to

ensure the absence of organic solvents in FCM fractions. Ultrapure water was

fractionated, collected and concentrated as above to serve as control. A 150 ^il volume of

10' M vanillic acid (Sigma) was analyzed, by HPLC, in a separate experiment under the

conditions described above, but the eluent was not collected.
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2.4 Petri dish and stylet activity behavioural bioassays

Materials were assayed for biological activity using a modified version of the

Petri dish bioassay described by Riga and Webster (1992). A thin layer of hot 1.5%

purified agar (Bactoagar, Difco Laboratories) was poured into 60 mm Petri dishes (Pyrex)

and cooled for 1 hour. A 10 nl volume of the test substance was introduced onto the agar

surface at the centre (target) of the dish and allowed to diffuse and establish a

concentration gradient. After 2 hours, one male H. schachtii was placed 15 mm away (at

the origin) from the target in each dish, and allowed to move freely over the agar-coated

surface. The location of the males could be found at any time during the bioassay by

following the tracks left in the soft agar by the movement of the male. The distance

between the male and the target was measured under a stereo microscope (Leica, MZ6) at

intervals of 30 minutes for 2 hours. Values were converted to represent a sfraight line

distance travelled by the male toward the target by subtraction from the original distance

of 15 mm. Ultrapure water was tested as above for control. The responses of 15 males

were recorded in each test and control freatment. All experiments were performed at

23°C and dishes were covered with glass lids to reduce evaporation. A Mann-Whitney U

test was performed for statistical analysis to comjsare mean responses between treatments

(«S0.05).

The biological activity of some test substances was also examined using an

additional behavioural assay. Ten H. schachtii males were placed in a cavity slide

(Fisher) containing 150 jil of the test material. After 1 hour, males were observed under

a light microscope (Dialux 20, Leitz) at lOOx magnification, and the proportion of males

exhibiting stylet thrusting behaviour was scored. Activity of the stylet could be visually
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identified by the forward movement of the three-lobed basal knob of the stylet, which is

normally situated at the posterior region of the stomal cavity when not active. Stylet

activity could also be identified by the contractile motion, or shortening, of the stylet

protractor muscles which form attachments between the stylet knob and the cephalic

framework. Males placed in ultrapure water served as control. Each experiment was

performed at 23°C a total of 3 times. The Fisher exact test of proportions was

appropriately used to compare test and control treatments of small sample size and with a

low frequency of observations (Zar, 1996); otherwise, the Chi-squared {)^) test was

employed (<2S0.05).

2.5 Female conditioned medium

After crude samples ofFCM were shown to attract males in Petri dish bioassays,

PCM was separated into three fractions using HPLC. Materials were collected as they

emerged from the column and divided into fractions based on retention time as follows;

0-4 minutes, 4-8 minutes and 8-12 minutes. Three-fold concentrated samples of these

fractions were also obtained by injecting FCM 3 times and pooling eluted materials into

respective fractions. All fractions were screened for biological activity using Petri dish

bioassays. The fraction that stimulated attractive behaviour in males was further

separated into 4 subfractions: 4-5 minutes, 5-6 minutes, 6-7 minutes and 7-8 minutes. As

above, these subfractions, and the additional 8-9 minute subfraction, were tested for

biological activity using Petri dish bioassays. The testing of crude and fractionated FCM

was performed a total of 6 times.
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Stylet activity bioassays were also used to test crude FCM at original and 10-fold

concentrations. Crude FCM was concentrated from a volume of 1.5 ml to 150 ^1 in

Kontes tubes by nitrogen evaporation as described above. In addition, fractionated FCM

materials eluting between 6 and 8 minutes after 10 HPLC injections were collected and

concentrated by lyophilization at -SO^C (Sentry, Virtis Company Inc., Gardiner, New

York) and reconstitution with ultrapure water. The 6-8 minute fraction was not

concentrated by nitrogen evaporation because ofthe large volume of the sample.

The effect of the absence of the female gelatinous matrix on the activity ofFCM

was investigated. Matrix material was separated from the female cyst with fine forceps.

The following materials were each incubated in 1 ml ultrapure water for 3 days,

producing conditioned media that were tested using Petri dish bioassays: 20 females with

gelatinous matrices, 20 females without gelatinous matrices and 20 gelatinous matrices

alone.

To determine ifFCM was attractive to other stages of//, schachtii, the materials

released by female nematodes into FCM was tested by exposing H. schachtii J2s to FCM

in Petri dish bioassays. In addition, a male conditioned medium was produced by

incubating 20 males in ultrapure water for 3 days, and tested for behavioural effects on

other males in Petri dish bioassays. Male conditioned medium was also concentrated by

nitrogen evaporation (as described above) to produce a 10-fold concentrated suspension

that was tested for activity in stylet bioassays.

To further characterize substances released by females into FCM, volumes of 150

^1 FCM were subjected to a boiling water bath for 1, 5, 10 and 50 minutes to test the heat

stability and volatility of FCM. Ultrapure water heated in the same manner for 50



*,
*

U 0?f£ .

i 8 bm iBiTstcfTi

.'<1 WJ/XiUil.

i yrfJ ftv

sftOid fl fir Bibsrn bsnoilibr.'

aauniii/r. -^uonj.'iiiaij ^•.. one S3:>rjj6(in -mv

! ... ..
•It''.?(iri [f.l^"] CM :

<

...
. no/Jiifoqc/j fo^



43

minutes served as control. The media were tested for their effect on male behaviour in

Petri dish assays. The volatile, vanillic acid was tested in 10"^ M and 10"^ M

concentrations in stylet assays to determine if its effect on male behaviour was similar to

thatofFCM.

Materials from uninfected growth pouch cultures were tested for biological

activity to determine if they were a source of contamination in FCM samples. In Petri

dish bioassays, males were exposed to water taken directly from cultures, and to media

conditioned by incubating, separately, the entire root system of a whole cabbage seedling,

and 5 mg (the approximate wet weight of 20 female cysts) of injured root material in 1

ml of ultrapure water for 3 days.

2.6 EfTects of serotonin on male behaviour

The stylet activity bioassay (described above) was employed to determine the

effects of serotonin on male behaviour; however, in these experiments nematode saline

(Goodman et al., 1998) containing either 10"^ M or 10"^ M serotonin was used instead of

ultrapure water. The saline consisted of 145 mM NaCl, 5 mM KCl, 1 mM CaCl2, 5 mM

MgCU, 10 mM Hepes and 20 mM d-glucose (pH 7.2) and has been shown to support

pharyngeal pumping in C. elegans (Goodman et al., 1998). Serotonin was added to the

saline at the expense of NaCl. Fresh males were incubated in each concentration of

serotonin, and saline, as control, for 15 minutes and examined for stylet thrusting

behaviour. Previous experience had shown that this was the optimal amount of time for

observing stylet thrusting. Experiments were repeated in the same manner with fresh

juveniles (J2s).
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The males used in the above experiments were observed until a total elapsed time

of 45 minutes, as determined from preliminary experiments, in both concentrations of

serotonin and saline, as control, to investigate the effects of serotonin on spicule activity.

The activity of the spicules could be observed by the obvious protrusion of the blades

through the cloaca. Second stage juveniles were not tested for spicule activity in

serotonin due to the absence of the spicules. All experiments were performed at 23°C.

2.7 Electrophysiology

A preparation was developed by which extracellular electrical activity in the

anterior region of H. schachtii males could be recorded during stylet thrusting activity.

Males were anaesthetized wdth 0.25% 2-phenoxyethanol (Sigma) (Townshend, 1983) in

nematode saline (Goodman et al., 1998) for 20 minutes until their movement became

slow. Movement of the nematodes had to be reduced to facilitate successful

immobilization. The following immobilization procedures were adapted from Goodman

et al. (1998). A droplet of hot agar (Bactoagar, Difco Laboratories) was placed on a

sterile microscope slide (Fisher) and immediately pressed against the slide with a

coverslip (Coming). The coverslip was slowly drawn away by sliding it off the long edge

of the microscope slide. The resulting film of agar coating the slide was very thin and

would evaporate within 2 or 3 minutes. The anaesthetized male was immediately placed

on the thin film of agar and glued into position. Glass pipettes were fitted with capillary

tubes (A-M Systems Inc.) made (as described above) with an open tip diameter of

approximately 15-20 ^m, to apply the glue to the preparation. The glue was a

cyanoacrylate compound (Nexaband, Veterinary Products Laboratories, Phoenix,
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Arizona) which, upon contact with an alkaline environment, polymerized in less than 6

seconds to form a thin bond between the nematode and the agar. Minute volumes of

glue, less than 1 \il, were placed at three positions on the agar film on either side of the

nematode: near the cephalic, middle and tail regions. After application, the glue droplets

diffused on the agar and made contact with the nematode cuticle. The preparation was

quickly washed with M9 buffer (Sambrook et ai, 1989) to prevent uncontrolled

polymerization and damage to the cuticle of the nematode. The immobilization process

was completed in less than 2 minutes to avoid evaporation of the agar and dehydration of

the nematode. Excess agar was trimmed away from the slide with a razor blade to allow

for the placement of a circular ring of wax (Surgident, Miles Inc. Dental Products, South

Bend, Indiana), approximately 20 mm in diameter and 5 mm thick, which held 400 jil of

saline in which the nematode was maintained during recording experiments. Males, still

under the anaesthetic effects of 2-phenoxyethanol, were washed with 20 ml saline until

the nematode regained movement in areas that were not immobilized.

The slide preparation was placed on the stage of a compound microscope (Dialux

20, Leitz), under 160x magnification, inside a Farraday cage. A glass microelectrode

(A-M Systems Inc.) was pulled on a micropipette puller (David Kopf Instruments) and

filled with 1.5 M NaCl. Using a micromanipulator (Narishige, Japan), the electrode tip

was driven through the cuticle of the nematode and placed near the posterior, glandular,

region of the pharynx to avoid contact with the pharyngeal musculature. The indifferent

electrode was placed in the recording medium near the recording electrode. Both

positive and negative leads were silver wires plated with AgCl. Signals were amplified

with an AC amplifier (model 1800, A-M Systems Inc.) with low and high cut filters set at
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1.0 Hz and 5kHz, respectively, and monitored on an oscilloscope (Nicolet Instrument

Corp., Madison, Wisconsin). Potentials were recorded (model B instrument recorder,

A.R. Vetter Co., Rebersburg, Pennsylvania) and analyzed with a data acquisition

programme (Sensory Neuron, Brock University) with a sampling rate of 1 ms/pt. The

recording medium consisted of nematode saline and 10"^ M serotonin, known to induce

pharyngeal pumping (Horvitz et al, 1982; Raizen and Avery, 1994; Avery et ai, 1995).

Control recordings were obtained from nematodes in normal saline.

2.8 Identification of spicular extrusions

Male nematodes incubated in 10'^ M serotonin for over 1 hour began to extrude

materials through the extension of the cloaca formed by the interlocking spicules. The

possibility of this material being spermatids was investigated. A flow chamber was

constructed, following the methods of Shakes and Ward (1989), to identify the presence

of spermatids by the activation of amoeboid movement. A glass coverslip was elevated

above the surface of a microscope slide by the application of petroleum jelly (Vaseline,

Chesebrough Pond's Inc., Markham, Ontario) along the long edges of the slide, allowing

the flow of solution through the chamber. Spermatids undergo a transformation,

spermiogenesis, from sessile, spherical bodies to motile, amoeboid spermatozoa during

mating, as reviewed by Bird and Bird (1991). Spermiogenesis is, evidently, induced in

vivo by endogenous activating factors produced by the glandular vas deferens during

sexual stimulation (Poor and McMahon, 1973; Poor, 1976).

Males (n=4) previously incubated in 10'^ M serotonin for 1 hour and having

extruded materials collected at the spicule tip were individually placed in the flow
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chamber in sperm medium. Sperm medium (Shakes and Ward, 1989) contained the

following: 50 mM NaCl, 25 mM KCl, 5 mM CaCU, 1 mM MgS04, 5 mM Hepes and 60

mM triethanolamine. Triethanolamine activates spermiogenesis by causing a rapid

increase in spermatid intracellular pH (Ward et al, 1983). Fresh sperm medium was

continuously applied to one end of the flow chamber by pipette, and taken up at the other

end by a wedge of filter paper, allowing a constant flow through the chamber. The

extruded material at the tip of the spicules was observed for spermatozoa-like activity

after 10 minutes. In addition, the flow chamber was used for the application of Wright's

stain, commonly used to stain sperm cells of invertebrates (Weesner, 1963), to the males

to determine if sperm cells had been extruded through the spicules. Both procedures,

sperm activation and sperm staining, were also performed, as above, using spermatids

removed directly from the testis by dissection of the male through the gonad. The

contents of nematodes are under pressure and readily dissociate once the cuticle has been

breached. This provided an opportunity to demonstrate the activating and staining

abilities of triethanolamine and Wright's stain, respectively, on H. schachtii spermatids

for comparison vsath materials extruded through the spicules.

2.9 Photography

All images were captured using a compound microscope (Dialux 20, Leitz)

coupled with a digital camera (HV-C20M, Hitachi Denshi Ltd., Japan) and a capturing

programme (KS 400 v2.0, Kontron Elektronik, GmbH).
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Results

3.1 Biological activity of the female conditioned medium

The biological activity of the crude female conditioned medium was

demonstrated in both Petri dish and stylet activity bioassays. Males travelled a

significantly greater distance (P<0.01) toward the target when the target contained FCM

than when it contained ultrapure water (Fig. IA). This indicated the presence of a

male-attractive substance contained in FCM. Male attraction to FCM was evident as

early as 30 minutes into the assay and increased in magnitude over the 120 minute period

(Fig. lA). The biological activity of crude FCM was demonstrated in this manner a total

of 6 times (i.e. with 90 different males) before each HPLC fractionation experiment,

utilizing fresh FCM in each experiment and yielding similar results (data not shown). In

addition, the proportion of males that displayed stylet thrusting behaviour when

incubated in concentrated FCM, unconcentrated FCM or ultrapure water was

significantly dependent (P<0.0001) on the FCM concentration (Fig. IB). The proportion

of males with active stylets was highest in concentrated FCM. The concentration

dependent effect of FCM on male behaviour is also evidence of a male-attractive

substance in the FCM.

Materials collected from initial HPLC fractionation procedures were assayed and

a biologically active fraction ofFCM was found. Males travelled a significantly greater

(P<0.05) distance toward the target when the 4-8 minute fraction had been introduced to

the agar medium than when the corresponding control fraction of ultrapure water was

assayed (Fig. 2B). Males did not exhibit a response that was significantly different from
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Figure 1. Response of Heterodera schachtii males to crude female conditioned medium

(FCM). {A) Movement of H. schachtii males toward the target in the presence ofFCM

(•) and ultrapure water as control (o) over a period of 120 minutes in Petri dish

bioassays. Means (n=15) and ±SEM are reported. Asterisks denote a significant

difference from control according to the Mann-Whitney f/test: *=P<0.01; **=/'<0.001.

{B) Percentage of males exhibiting stylet thrusting behaviour after incubation in lOx

concentrated FCM (n=30), unconcentrated FCM (n=30) and ultrapure water as control

(n=60). Proportions are significantly different from each other: ^=29A9, /'<0.0001.
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Figure 2. Response of Meterodera schachtii males to fractionated female conditioned

medium (FCM) and corresponding ultrapure water fractions as control. Movement oiH.

schachtii males toward the target in the presence of the FCM fraction eluting between {A)

and 4 minutes (•) and control (o), (5) 4 and 8 minutes (•) and control (o), (Q 8 and

12 minutes (•) and control (o) over a period of 120 minutes in Petri dish bioassays.

Means (n=15) and ±SEM are reported. Asterisks denote a significant difference from

control as indicated by the Mann-Whitney f/test: *=/*<0.05; **=P<O.Q\.
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controls when the 0-4 minute and 8-12 minute FCM fractions were assayed (Fig. 2A, Q.

This experiment was repeated a second time, with different males and fresh FCM, and

similar results were obtained (data not shown). In addition, males travelled significantly

further {P<0.0\) toward the target when the target contained the concentrated 4-8 minute

fraction ofFCM than when it contained the concentrated 4-8 minute fraction of ultrapure

water (Fig. 3B). This response was not evident in assays of other concentrated FCM

fractions (Fig. 3A,C). A concentration dependent difference in male behaviour,

associated only with the active 4-8 minute FCM fraction, is illustrated in Figure 4. Males

had travelled a significantly further distance (P<0.05) toward the target after a time of90

minutes when exposed to the concentrated 4-8 minute FCM fraction than when exposed

to the unconcentrated 4-8 minute FCM fraction. The distance travelled toward the target

in concentrated and unconcentrated control treatments (ultrapure water) did not differ

significantly. The Petri dish assay results of the above fractions at two concentrations

indicated that males responded to the 4-8 minute fraction in a concentration dependent

marmer.

The active 4-8 minute fraction was further separated into 4 one-minute

subfractions. Bioassay results indicated that males were not significantly attracted to the

4-5 minute FCM subfraction (Fig. 5^4). Although males did respond to the 5-6 minute

subfraction in a significantly different manner (P<0.05) than in controls, this was not

apparent until after 60 minutes into the assay (Fig. 5B). This observation was not

typically seen when assaying the crude FCM. Males had normally travelled a

significantly further distance (P<0.01) toward the target, in the presence of crude FCM,

than had the controls as early as 30 minutes into the assay (Fig. \A). This indicates that
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Figure 3. Response of Heterodera schachtii males to 3x concentrated fractions of

female conditioned medium (FCM) and corresponding concentrated ultrapure water

fractions as control. Movement of//, schachtii males toward the target in the presence of

the concentrated FCM fraction eluting between (A) and 4 minutes (•) and control (o),

{B) 4 and 8 minutes (•) and control (o), (Q 8 and 12 minutes (•) and control (o) over a

period of 120 minutes in Petri dish bioassays. Means (n=15) and ±SEM are reported.

Asterisks denote a significant difference from control as indicated by the Maim-Whitney

f/test: *=P<0.01; **=/'<0.001.
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Figure 4. Summary of the response of Heterodera schachtii males to two different

concentrations of fractionated female conditioned medium (FCM). Data were taken

from Fig. 2B and 3B and displayed for clarity. Movement toward the target after 90

minutes in the presence of 3x concentrated, and unconcentrated FCM fraction (solid

bars) and control (open bards) eluting between 4 and 8 minutes. Asterisks indicate that

the values are significantly different from each other according to the Mann-Whitney U

test (/'<0.05).
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Figure 5. Response of Heterodera schachtii males to female conditioned medium

(FCM) subfractions and corresponding ultrapure water subfractions as control.

Movement of H. schachtii males toward the target in the presence of the FCM

subtraction eluting between {A) A and 5 minutes (•) and control (o), {B) 5 and 6 minutes

(•) and control (o), (C) 6 and 7 minutes (•) and control (o), (D) 7 and 8 minutes (•)

and control (o), (£) 8 and 9 minutes and control (o) over a period of 120 minutes in Petri

dish bioassays. Means (n=15) and ±SEM are reported. Asterisks denote a significant

difference from control as indicated by the Mann-Whitney U test: *=F<0.05; **

=P<0.005.
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the 5-6 minute subfraction may not have contained the same concentration of the

attractive substance contained in the crude FCM, and suggests that the active component

of FCM may have been in other fractions as well. Males were, however, significantly

attracted (P<0.05) to the 6-7 minute and 7-8 minute subfractions as early as 30 minutes

into the assay (Fig. 5C, D), as seen in assays of crude FCM (Fig. \A). This suggests that

the majority of the active substance initially detected in the crude FCM (Fig. 1^4) and the

4-8 minute FCM fraction (Fig. IB) was contained in the latter two subfractions, and

eluted between 6 and 8 minutes. The 8-9 minute FCM subfi^action was assayed, and no

significant attraction to the target was observed (Fig. 5£), demonstrating that materials

eluting after 8 minutes were not biologically active (Fig. 2C, 3C, 5E). This experiment

was repeated twice more, with fresh FCM and different nematodes, and similar results

were obtained (data not shown). In one repetition, males were not significantly attracted

to the 5-6 minute and 6-7 minute FCM subfractions until after 90 minutes and 120

minutes, respectively, emphasizing the relatively smaller quantity of the active substance

eluting between 5 and 7 minutes. Figure 5A-E illustrates that the active substance of

FCM, after HPLC fractionation, was most likely to elute between 6 and 8 minutes.

However, the pooling of the 6-7 minute and 7-8 minute subfractions yielded no

significant results in stylet activity bioassays (Fig. 6), suggesting that the substance

stimulating stylet thrusting behaviour does not elute between 6 and 8 minutes.

Absorption spectrophotometry of a sample of FCM indicated the presence of

absorbance activity between 260 nm and 275 nm (n=4) (see Appendix 3). In one trial, a

distinct absorbance peak was recorded at 260 nm. Absorption spectrophotometric

analysis of vanillic acid consistently indicated distinct absorbance peaks at 204 nm, 252
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Figure 6. Effect of fractionated female conditioned medium (FCM) on stylet activity of

male Heterodera schachtii. Percentage of males exhibiting stylet thrusting behaviour

after incubation in the lOx concentrated FCM fraction eluting between 6 and 8 minutes

(n=10) and corresponding ultrapure water fraction as control (n=10). Values are not

significantly different from each other according to the Fisher exact test.
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nm and 286 nm (n=3), which indicated that the spectral signature of vaniUic acid is

markedly different from that ofFCM (Appendix 3).

Figure 7A is a representative chromatogram of a sample of FCM during HPLC

fractionation. Six different FCM samples, and ultrapure water as control, were

fractionated by HPLC in total (see also Appendix 4) and absorbance at 260 nm was

measured. In all fractionation experiments, a relatively large (5 mAU, in Fig. 7A)

absorbance peak at approximately 2 minutes (Fig. 7A) was detected that was not detected

in controls (Fig. SA), indicating a substance of relatively high concentration eluting

during the collection of the 0-4 minute FCM fraction. This fraction, however, was not

biologically active in Petri dish bioassays (Fig. 2A, 3A). A series of lower magnitude (1.5

mAU to 2.5 mAU, in Fig. 7A) absorbance peaks was detected between, approximately,

5.5 and 7 minutes in FCM that was not detected in control (Fig. 8^). The response of

males to FCM subfractions and controls in bioassays after 90 minutes are summarized

(Fig. 7B, 85), and correspond to respective chromatogram retention times (Fig. 7A, SA).

Materials of FCM eluting between 5.5 and 7 minutes were characterized by absorbance

activity, indicated by absorbance peaks (Fig. 7A), and significantly attracted (P<0.0001)

males (Fig. 75). By contrast, ultrapure water subfractions were not characterized by a

series of small absorbance peaks between 5.5 and 7 minutes and did not attract males

(Fig. SA, B). The lower magnitude absorbance peaks in FCM were not as consistent

between HPLC fractionation experiments as the large absorbance peak recorded at 2

minutes (Fig. 7A, Appendix 4). Although absorbance activity between 5.5 and 7 minutes

was always present in FCM samples, the retention times of these peaks varied

substantially. The large biphasic spikes at approximately 5.5 minutes were system peaks
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Figure 7. Chromatographic analysis and attractiveness of the female conditioned

medium (FCM) to Heterodera schachtii males. {A) Representative chromatogram of

reverse-phase HPLC analysis of FCM containing H. schachtii female sex pheromone.

Absorbance activity was detected at 260 nm and is displayed as a function of time (min.).

{B) Summary of the response oiH. schachtii males (n=15) to FCM subfractions in Petri

dish bioassays after 90 min. Abscissa of the histogram corresponds with that of the

chromatogram above for clarity. Means ±SEM are reported. A significant difference

exists among the responses of males to FCM subfractions according to the

Kruskal-Wallis test (P<0.0001).
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Figure 8. Chromatographic analysis and attractiveness of ultrapure water as control to

Heterodera schachtii males. (A) Representative chromatogram of reverse-phase HPLC

analysis of ultrapure water. Absorbance activity was detected at 260 nm and is displayed

as a function of time (min.). {B) Summary of the response of//, schachtii males (n=15)

to ultrapure water in Petri dish bioassays after 90 min. Abscissa of the histogram

corresponds with that of the chromatogram above for clarity. Means ±SEM are reported.

No significant difference exists among the responses of males to control subfractions

according to the Kruskal-Wallis test.
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Figure 9. Chromatographic analysis of vanilhc acid, and the effect of vanillic acid on

Meterodera schachtii male behaviour. {A) Representative chromatogram of reverse-phase

HPLC analysis of 10"' M vanillic acid. Absorbance activity was detected at 260 nm and

is displayed as a function oftime (min.). {B) Percentage of males with active stylets after

incubation in 10'^ M vanillic acid (VA) (n=30), 10"' M VA (n=20) or ultrapure water as

control (n=50). x^ analysis indicated no significant difference among proportions ofmale

responses.
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caused by the absorbing properties of the organic solvents, and were present in FCM and

control chromatograms. Occasionally, small peaks were recorded in ultrapure water

eluting between 4 and 8 minutes that were, presumably, the result of the column or

solvent impurities (Fig 8^4, Appendix 4).

Illustrated in Figure 9A is a chromatogram of a sample of 10' M vanillic acid

during HPLC separation. Analysis revealed a large absorbance peak at, approximately, 2

minutes and several small absorbance peaks between 5.5 and 9.5 minutes. These

characteristic peaks are not unlike those seen in FCM HPLC analysis (Fig. 7A). Although

the HPLC elution profile of vanillic acid resembled that of FCM, H. schachtii males did

not respond to vanillic acid (Fig. 9B) as they did to FCM (Fig. \B) in stylet activity

bioassays. The proportion of males with active stylets did not differ significantly among

those incubated in 10"' M vanillic acid, 10' M vanillic acid or nematode saline. In

addition, males incubated in 10"' M vanillic did not display any stylet thrusting activity

(Fig. 95).

The biological activity ofFCM was not attenuated when the gelatinous matrices

were removed from females prior to incubation in ultrapure water. Males were

significantly attracted {P<0.05) to FCM and to FCM without gelatinous matrix material

in the incubation medium when compared to ultrapure water and to gelatinous matrix

conditioned medium (Fig. 10). There was no significant difference between the response

of males to FCM and the response of males to FCM without matrices; nor was there a

significant difference between the response of males to matrices only and the response of

males to ultrapure water (Fig. 10).



>,

.A, .',r,:

lilfUJV

Hi,-: -ft: './fi M

.'J ail.

I

(»'

!r4 aalBfn^ft mi

,,,... -l ')t
?••'

.\-\ yr"' '• • - -.tin/I



71

'.ItS'ini <C'JJ'. ':.;;!

aeof^tnai? c f;)ton';b s)lgU3}?.A

2 rrfont i



Figure 10. Effects of the gelatinous matrix on Heterodera schachtii male behaviour.

Movement of//, schachtii males toward the target in the presence of media conditioned

by whole females (FCM) (•), females with gelatinous matrices removed (o), gelatinous

matrices only () and ultrapure water as control (n) over a period of 120 minutes in Petri

dish bioassays. Means (n=15) and ±SEM are reported. Asterisks denote a significant

difference between the activity of materials from females {i.e. •, o) and from gelatinous

matrices or control {i.e. , a) according to the Mann-Whitney (/test (/'<0.05).
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Figure 11. Response of Heterodera schachtii juveniles (J2s) to the female conditioned

medium (FCM). Movement of ^. schachtii J2s toward the target in the presence ofFCM

(•) and ultrapure water as control (o), over a period of 120 minutes in Petri dish

bioassays. Means (n=15) and ±SEM are reported. Values are not significantly different

from controls according to the Mann-Whitney L'^test.
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The response of H. schachtii J2s to FCM was investigated. Juveniles did not

travel significantly further toward the target when the target contained crude FCM than

when it contained ultrapure water (Fig. 11), suggesting that the activity of FCM may be

male-specific. Males did not respond significantly to the male conditioned medium in

bioassays when compared with controls (Fig. \2A). This experiment was repeated with

similar results (data not shown). In addition, the proportion of males with active stylets

after incubation in concentrated male conditioned medium did not differ significantly

from that of males incubated in ultrapure water (Fig. 125). This demonstrates that males

do not produce the same male-attractive substance as the females.

Bioassays indicated that the crude FCM contained a relatively stable active

component. After subjecting samples ofFCM to a boiling water bath for either 1, 5, 10

or 50 minutes, males were significantly more attracted (P<0.05) to all heated FCM

samples than they were to ultrapure water that had been placed in a boiling water bath for

50 minutes (Fig. 13). The activity of the crude FCM was not reduced after the samples

were heated.

Materials taken from uninfected growth pouches did not elicit an attractive

response from males in bioassays. Males did not travel significantly further toward the

target when the target contained ultrapure water than when it contained water taken

directly from cultures, or when it contained media conditioned by a whole cabbage

seedling or 5 mg of injured root material (Fig. 14). These results indicate that the

biological activity of FCM was not due to contamination from seed growth pouch

cultures.
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Figure 12. Response of Heterodera schachtii males to male conditioned medium. {A)

Movement of H. schachtii males toward the target in the presence of male conditioned

medium (•) and ultrapure water as control (o), over a period of 120 minutes in Petri dish

bioassays. Means (n=15) and ±SEM are reported. Values are not significantly different

from controls according to the Mann-Whitney L'^test. {B) Percentage of males exhibiting

stylet thrusting behaviour after incubation in lOx concentrated male conditioned medium

(n=10) or ultrapure water as control (n=10). Values are not significantly different from

each other according to the Fisher exact test.



77

15 n

E
ravell (mm



VT

A

<k

'a

I- or if

i-5 S5 H

"^=#^^
o 55

"I

OSf 0'?

^.dlT!!; -vA'il !

00 r

od
(V

<

o^

OS

.71

01

lownoo ^'l0^i



78

9tunim *
)

s asJunrrn 0? ;

;

rf },*,u



Figure 13. Chemical stability of the female conditioned medium (FCM). Movement of

H. schachtii males toward the target in the presence of FCM heated for 1 minute (0), 5

minutes (D), 10 minutes () 50 minutes (•), or ultrapure water heated for 50 minutes as

control (o), over a period of 120 minutes in Petri dish bioassays. Means ±SEM are

reported. Asterisks denote a significant difference from control as indicated by the

Mann-Whitney f/test: =/'<0.05.
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Figure 14. Effects of materials removed from uninfected growth cultures on Heterodera

schachtii male behaviour. Movement of H. schachtii males toward the target in the

presence of water removed from growth pouches (•); or media conditioned with 5 mg of

injured root material (), the root system of a seedling (o) or ultrapure water as control

(a). Means ± SEM are reported. Values are not significantly different from control

according to the Mann-Whitney f/test.
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3.2 Effects of serotonin on male behaviour

Male and juvenile H. schachtii displayed vigorous stylet thrusting behaviour,

approximately 1 to 2 thrusts per second, after 15 minutes of incubation in 10"^ M

serotonin (Fig. 15^4, B). In both male and juvenile groups, the proportion of nematodes

with active stylets was significantly dependent (P<0.0001) on the concentration of

serotonin in the saline (Fig. 15^4, B). Extracellular recordings from the anterior region of

the male demonstrated that electrical activity coincided with stylet thrusting behaviour.

Males incubated in 10'^ M serotonin displayed stylet thrusting and generated spike

activity at a frequency of, approximately, 1 thrust per second (Fig. 16/4), while control

males in normal saline did not display stylet thrusting and produced no electrical activity

(Fig. 165). Although spike activity appeared to be associated with stylet thrusting

behaviour, the origin of the electrical potentials could not be determined.

After the males had been exposed to 10"^ M serotonin for 45 minutes, the

cessation of stylet thrusting was common (some stylets remained motionless in the

protruded position), and tail curling and spicule eversion occurred (Fig. 17). Spicule

eversion behaviour included the slow protruding and retracting motion of the spicules

(Fig. 17) and was significantly dependent (P<0.0001) on the concentration of serotonin

(Fig. 18). In fact, only males incubated in 10"^ M serotonin displayed spicule eversion

behaviour (Fig. 18). In addition, several males with active spicules extruded materials

through the tube-like extension of the cloaca formed by the interlocking blades of the

spicules. The extruded material from males (n=10) usually consisted of a homogeneous

substance (Fig. 19^4, B, C, D, 20C) and, occasionally, males (n=2) released spherical

bodies less than 5 ^im in diameter that may have been spermatids (Fig. 19Q. These
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Figure 15. Effect of serotonin on stylet activity of Heterodera schachtii males. {A) The

percentage of males exhibiting stylet thrusting behaviour after incubation in 10"^ M

serotonin (5-HT) (n=30), lO"^ M 5-HT (n=30) or nematode saline as control (n=60) for 15

minutes. Proportions are significantly different from each other: j^=91.02, /'<0.0001.

{B) The percentage ofjuveniles exhibiting stylet thrusting behaviour after incubation in

10-2 j^ 5.HJ (n=30), 10^ M 5-HT (n=30) or nematode saline as control (n=60) for 15

minutes. Proportions are significantly different from each other: x^=\0\M, P<0.0001.
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Figure 16. Representative extracellular recordings of electrical activity from the anterior

region of Heterodera schachtii males. Males were placed in {A) nematode saline

containing 10'^ M serotonin and (5) normal nematode saline. Electrical potentials in A

coincided with stylet thrusting behaviour. Scale bars apply to both traces.
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Figure 17. Representative photograph of spicule eversion behaviour of male Heterodera

schachtii caused by serotonin. The male was contained in a cavity slide and was exposed

to 10"^ M serotonin for 45 minutes. Arrow indicates the tip of the everted spicules. Note

the curling of the tail. Scale bar = 20nm.
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Figure 18. Effect of serotonin on spicule activity of Heterodera schachtii males.

Percentage of males exhibiting spicule eversion behaviour after incubation in 10'^ M

serotonin (5-HT) (n=30), 10"^ M 5-HT (n=30) or nematode saline as control (n=60) for 45

minutes. Proportions are significantly different from each other:^\ 14.73, /'<0.0001.
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spherical bodies, however, dissociated quickly in saline and could not be collected for

analysis. The extrusion of materials through the spicules was a rapid process that

involved the release of materials in bursts (presumably caused by the intermittent release

of internal pressure) and the collection of materials at the tip of the spicules (Fig. \9A, B,

C, D). The homogeneous materials that were extruded appeared to originate from the vas

deferens of the nematodes (n=4).

Spermatids obtained directly from the testis of H. schachtii males (n=4) were

successfully activated with triethanolamine after 10 minutes and underwent the process

of spermiogenesis to become motile spermatozoa, as indicated by the amoeboid

morphology of the cells and the formation of pseudopodia (Fig. 20), which are typical

characteristics of Heterodera spermatozoa (Shepherd et ai, 1973). In addition,

spermatids obtained directly from the testis of males (n=3) could be indentified by their

tendency to take up Wright's stain and turn pink, or purple, in colour (Fig. 205).

However, both methods of identifying the presence of spermatids {i.e. activation and

staining) indicated that the homogeneous materials collected at the tip of the spicules

after incubation in 10"^ M serotonin were not spermatids or spermatozoa. Extruded

material from males did not become activated (n=4) upon exposure to triethanolamine

(Fig. IOC), and did not take up Wright's stain (n=3) (not shown).
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Figure 19. Representative photograph of the extrusion of materials through the spicules

of male Heterodera schachtii caused by serotonin. The male was contained in a cavity

slide and was exposed to 10'^ M serotonin for 60 minutes. Each frame was photographed

in sequence {A, B, C, D) and separated by 5 seconds. Square brackets in each frame

indicate increasing amounts of the material being extruded from the tip of the spicules.

Arrow in C indicates a small, spherical body that resembled a spermatid. Scale bar in D

= 25^im.



93





94

;1 mm'i boii;.

in\'../ ,,* 5--.\-)

'
/

^ f.nt/H

. a 1 'J



i-Q

Figure 20. Identification of materials being extruded from the tip of the spicules ofmale

Heterodera schachtii caused by serotonin. All materials were photographed in a

microscope slide flow chamber. {A) Spermatozoa exhibiting pseudopod formation

(indicated by arrows) induced by 60 mM triethanolamine in sperm medium after 10

minutes. Other spherical cells are spermatids that had not undergone spermiogenesis.

Scale bar = 5 ^m. (5) Spermatids removed directly from the male gonad and stained

pink / purple with Wright's stain. Several spermatids had dissociated from the male,

while others remained attached to the rachis of the testis. Scale bar = 10 ^m. (Q

Extrusions (indicated by square bracket) from the tip of the spicules of the male after

treatment with 60 mM triethanolamine in sperm medium of 10 minutes. Scale bar = 20
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Discussion

4.1 The Heterodera schachtii female sex pberomone

The present results confirm the existence of a male attractive, water soluble sex

pheromone that is released from homospecific H. schachtii females. The active

component of the pheromone, contained in the female conditioned medium, was partially

isolated and characterized. The male-attractive material stimulates chemotaxis and stylet

thrusting behaviour, in a concentration dependent maimer, in its crude form but only

chemoattractive behaviour after HPLC fractionation. This suggests that the active

component of FCM that stimulates chemotaxis may not be the same component that

causes stylet thrusting behaviour. Only males were attracted to materials released by

females, presumably through the vulva, and the gelatinous matrix alone did not contain

any detectable amounts of male attractive substances. There is evidence that implicates

the vulva as the site of release of the pheromone. Marchant (1970) demonstrated that the

attraction of male Heligmosomoides (formerly Nematospiroides) to homospecific

females was abolished when the vulval region of the females was covered with silicone

grease. The present findings differ fi-om those of a previous study, where it was reported

that males were equally attracted to gelatinous matrices as they were to females (Aumann

and Hashem, 1993). This discrepancy may be due to the fact that Aumann and Hashem

(1993) obtained matrix extracts by incubating 12 gelatinous matrices in 200 ^1 of water,

producing a suspension 3 times more concentrated than that used in the present work.

Nonetheless, these results demonstrate that males were more attracted to females than

they were to the gelatinous matrix at lower concentrations, and provide support for the
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idea that the gelatinous matrix, when intact, may act as a carrier of the pheromone (Green

and Greet, 1972; Aumann and Hashem, 1993). Bird and Soeffky (1972) examined the

ultrastructure of the gelatinous matrix ofM javanica, and determined that the matrix

consisted of a fine meshwork that may serve to inhibit water loss from the eggs. One

function of the gelatinous matrix may be to regulate, or slow, the diffusion of the

pheromone released through the vulva into the surrounding medium. The maintenance of

a highly concentrated source of pheromone would ensure the stability of a concentration

gradient in vivo and create an environment conducive to mate finding behaviour of

males.

Aumann et al. (1998b) reported characterization of a water soluble component of

the H. schachtii sex pheromone. However, aqueous females extracts were collected by

incubating entire 3 to 4 month old monoxenic nematode cultures on turnip or white

mustard in water (Aumann et al., 1998b), and the possibility that the cultures and nutrient

media contributed additive, or contaminating, substances to the female extracts was not

considered. The present methods involved the culturing of H. schachtii females on

cabbage, without the use of nutrients or fertilizer, and the collection of an aqueous

medium conditioned by females that did not contain contaminants from growth cultures

capable of affecting male behaviour. In addition, Aumann et al. (1998b) did not use an

appropriate control in their bioassay experiments. Males were reported to have been

significantly more attracted to female materials extracted in water than to female

materials extracted in diethyl ether (Aumann et al, 1998b), but the attraction of males to

either ofthe pure solvents was not investigated for comparison.
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Results reported here, that the biologically active substance of FCM did not

degrade in a boiling water bath and was not volatile, indicate that the active substance of

FCM was stable in solution. The observation that the biologically active properties of

FCM did not decrease after nitrogen evaporation of HPLC-fractionated samples also

suggests that the active substance was not volatile. Green and Plumb (1970) have

reported the stability of the pheromone and found that attractants from females of several

Heterodera spp. remained active for several months when stored at 5°C. Aumann and

Hashem (1993) demonstrated that the concentration of active substances in extracts from

H. schachtii females was not reduced after incubation with pronase, a broad spectrum

proteolytic enzyme, or leucine aminopeptidase at 37°C for 20.5 hours, and suggested that

the H. schachtii pheromone was not a polypeptide.

Several lines of evidence indicate that vanillic acid, the proposed pheromone of

H. glycines (Jaffe et al, 1989), is not an active component of the H. schachtii sex

pheromone. Males have been shown not to respond to vanillic acid in Petri dish

bioassays (Aumaim and Hashem, 1993), and the present work has demonstrated that

vanillic acid did not elicit stylet thrusting behaviour in H. schachtii males. By contrast,

males were attracted to FCM in Petri dish bioassays and displayed stylet thrusting

behaviour when exposed to FCM. This suggests that vanillic acid and the active

component ofFCM do not have similar effects on H. schachtii males; therefore, vanillic

acid is not likely to be an active component of the H. schachtii sex pheromone. The

reported "paralytic-like" effect that vanillic acid, at concentrations greater than 10'* M,

had on H. glycines males (Jaffe et al, 1989) may account for the observation that no

males exhibited stylet thrusting behaviour when incubated in 10'^ M vanillic acid in the
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present experiments. It is unclear why a putative pheromone substance would have such

a potent effect at high concentrations, but Jaffe et al. (1989) speculated that it may have

been the result of an "overload of pheromone receptor(s)". In addition, the difference

between the absorption spectra of vanillic acid and FCM indicates a difference in

physical properties between the two substances. However, the HPLC elution profiles of

FCM and vanillic acid share similar characteristics, which is consistent with previous

findings, that the elution profile of vanillic acid and the pheromone of H. glycines were

identical (Jaffe et al., 1989). The presence of vanillic acid in FCM is suggested by the

large absorbance peak recorded at, approximately, 2 minutes in FCM and in vanillic acid.

However, the FCM material eluting between and 4 minutes was not biologically active.

The likelihood of vanillic acid being an active component of the H. schachtii sex

pheromone is further diminished when one considers the nematicidal properties of

vanillic acid analogues (Varma et al., 1993) and the efficacy of such a volatile substance

diffusing in a moist soil envirormient.

Green and Plumb (1970) investigated the attractiveness of female secretions fi-om

10 Heterodera spp. to heterospecific males. Males of//, schachtii and H. glycines were

attracted to materials released by females of both these species, and it was postulated that

females of //. schachtii and H. glycines released a common attractive substance, termed

delta (Green and Plumb, 1970). This evidence, and the fact that hybrid offspring have

been produced by the mating of H. schachtii and H. glycines (Potter and Fox, 1965),

indicates a close relationship between these two species and suggests that they may share

a common sex pheromone component. The present observation, that H. schachtii males

do not respond to vanillic acid, challenges the evidence that vanillic acid is an active
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component of the H. glycines sex pheromone (JafFe et al., 1989). Unfortunately, Jaffe et

al. (1989) did not present the results of their bioassay experiments or data analysis in any

detail, as they reported that vanillic acid was "extremely active" with 60% of the males

responding to 10"^ M vanillic acid (Jaffe et al, 1989).

The efficacy of vanillic acid, and its analogues, in the reduction of H. glycines

populations has been tested in the field (Meyer et al., 1997) and in greenhouse

experiments (Meyer and Huettel, 1996), but the effects of these substances could not

have been distinguished between those of a pheromone and a nematicide in these studies.

Theoretically, both a pheromone and a nematicide would be expected to decrease

nematode populations on the host plant by the disruption of mating, or the direct lethal

action on individual nematodes, respectively. The same nematicidal activity of vanillic

acid analogues (Varma, 1993) may have obscured previous reports of the pheromonal

properties of vanillic acid (Meyer et al., 1997; Meyer and Huettel, 1996; Jaffe et al.,

1989). Furthermore, the potent effects of vanillic acid and syringic acid as antifungal

agents (Aziz et al, 1998) may account for the lack of synergistic effects observed in

reducing H. glycines populations with Verticillium lecanii. The fungus, V. lecanii,

reduces H. glycines populations on its own, but its efficacy decreases when combined

with vanillic acid or its analogue, syringic acid (Meyer and Huettel, 1996). Meyer and

Huettel (1996) may have demonstrated the nematicidal action of vanillic acid and

vanillic acid analogues on plant parasitic nematodes.

Behaviours typically observed before or during nematode copulation are elements

that may be useful in bioassays. Huettel and Rebois (1986) demonstrated the coiling of

male H. glycines as a means by which biologically active substances could be identified.
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However, it appears that coiling, or tail curling behaviour, may be dependent on tactile

stimuli. During collection, the sex of the animal parasitic nematode, A. suum, can be

easily distinguished by stroking the cuticle. Males respond to this stimulus by curling

their tails (L'Hemault and Roberts, 1995). Early observations of nematode copulation

indicated that attraction and copulation were independent behaviours provoked by

separate stimuli (Greet, 1964), and that coiling of the male tail appeared to be the result

of direct contact with the female. Greet (1964) first reported that, although sexes were

brought together by chemical attractants, copulation of P. rigidus occurred only when the

posterior third of the male came into contact with the female; and when the male touched

the female, there was an immediate ventral coiling of the tail. Chin and Taylor (1969)

stated that copulation in Cylindrocorpus spp. was only initiated when the posterior halves

of nematodes of the opposite sex made contact with each other. After contact, the

posterior region of the male curved ventrally around the female. Jaffe et al. (1989)

identified vanillic acid as the putative sex pheromone of//, glycines by inducing coiling

behaviour of the male with vanillic acid, in the absence of females and sexual stimuli.

This suggests that the coiling behaviour induced by vanillic acid (Jaffe et al, 1989) was

not due to sexual stimulation, which appears to be dependent on tactile stimuli (Greet,

1964; Jones, 1966; Chin and Taylor, 1969; Loer and Kenyon, 1993; L'Hemault and

Roberts, 1995), but may have resulted from other effects of vanillic acid. Tail curling in

H. schachtii males was observed in cultwe only when males were inside of the gelatinous

matrix, in direct contact with the female, and wrapped around the vulval cone. Eversion

of the spicules, a sign of sexual stimulation, could also be seen. Tail curling was not

induced by FCM. The absence of tail coiling in FCM bioassays was, presumably,
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because of the lack of tactile stimulation from the female. However, stylet thrusting

behaviour was observed in culture as the male approached the female, and in bioassays.

The action of the stylet occurred independently of the presence of females, and proved to

be a very useful indicator of the biological activity ofFCM.

4.2 Serotonin and precopulatory behaviour of Heterodera schachtii

The present work has demonstrated the effects of exogenous serotonin on the

stylet protractor muscles, leading to stylet thrusting behaviour in both juvenile (J2) and

male H. schachtii. Although serotonin-induced stylet activity has previously been

observed in J2s (McClure and von Mende, 1987), this is the first report of this

phenomenon in adult male plant parasitic nematodes. The effects of serotonin on the

pharyngeal musculature of C. elegans have been described by others, and include the

contraction of the procorpus and metacorpus of the pharynx (Horvitz et ai, 1982; Raizen

and Avery, 1994; S^galat et al, 1995; Avery et ai, 1995). That serotonin induces

pharyngeal contraction in C. elegans suggests that the pharynx of H. schachtii may also

be active during serotonin treatment. The coordinated activity of the stylet and pharynx

has been observed in H. schachtii J2s (Wyss, 1992), and the stylet protractor and

pharyngeal muscles appear to be phylogenetically and morphologically related in plant

parasitic nematodes (Baldwin and Hirschmann, 1976; Baldwin et ai, 1977; Baldwin,

1982; Shepherd and Clark, 1983; Endo, 1984; Bird and Bird, 1991). The possibility of

pharyngeal contractions occurring during stylet thrusting behaviour in H. schachtii males

is relevant because the former may result in the ingestion of materials from the

surrounding environment; but since males of//, schachtii do not feed as adults (Franklin,
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1965; Shepherd, 1965), such a coordinated behaviour has not been investigated. This

work has demonstrated that H. schachtii males respond to FCM, containing a female sex

pheromone, with stylet thrusting behaviour, and suggests that the coordinated actions of

the stylet and pharynx may be necessary to allow for the ingestion of the female sex

pheromone by the male during mate finding behaviour. Several authors have reported

evidence of nerve endings behind the stylet and in the cuticle of the pharyngeal lumen in

other nematodes, and have speculated that these may function as gustatory receptors

(Robertson, 1975; Shepherd et ai, 1980) or mechanoreceptors (Albertson and Thomson,

1976; Robertson, 1979) capable of detecting chemical stimuli or rates of flow of ingested

materials, respectively. In comparison, insects are known to detect chemical stimuli,

such as water soluble nutrients, with gustatory receptors (Schneider, 1969; Mullin et ai,

1994). It is proposed, here, that H. schachtii males may be able to detect the water

soluble female sex pheromone through similar receptor mechanisms.

Albertson and Thomson (1976) reported evidence of multifunctional cells in the

pharynx of C. elegans. The neurosecretory motor neurons (NSMs), having large

secretory vesicles, were positioned at the periphery of the pharynx and appeared to have

mechanoreceptive nerve endings beneath the cuticle of the pharyngeal lumen. The

authors speculated that these cells may release humoral factors into the pseudocoelom

upon stimulation of their sensory endings by ingested materials in the pharyngeal lumen.

Immunocytochemical techniques have established the presence of neurosecretory cells,

resembling NSMs in C. elegans, and a nerve plexus on the dorsal surface of the pharynx

in Ascaris that were serotonin-immunoreactive (Brownlee et ai, 1994; Johnson et al,

1996). Reinitz and Stretton (1996) suggested that these cells release serotonin into the



't.' i'.ni .0.1 iii'j;'
A. ,\

^01

^o infill':; ys bsJf.nibiooa ^at mit iS^s^m bti& .

,' rf;/!n 'lid HI 1!

;(irn xfrfwriq bns JslyJ?. •/!'

yfern gnhub sfBin ©fiJ yd woiuo.

J ZB no itan

rirlo v/oft'ioes

ntfiv/ ^fit t03>5b

;t boiB'XjTjti bni; /nv

i
3iii OI;

f?3mul (ii3:.>f>ABfiq jflJ a* ^Ib;

< .ioiD3?.oia3n to t> . - ;

i25ri? jMflj bdJfi!iJa:>q?. dvftfi bns .»3b<iiBfnsn ii'

.wrjsisb tc 9TP! mwnad*'

o^UiiU v:ii 'svy^

>di rilBsn^d iijjntbr tqaotjif-

:f '{f.\ ;^nibni> no<:;ft32 ii^riHo ncfJeiumiJa n -[u

iW.'fJ
•

) ^i; . I ' (i I . ^1

i/aiq

. f-i. . r 1

, 'S^ Siitf ' airiotOT ] - \n-

jlt ojni .



104

pseudocoelomic fluid to be transported to serotonin-sensitive sites. Tail curling, a typical

copulatory behaviour of male nematodes, has been shown to be defective in males

lacking serotonin expression (Loer and Kenyon, 1993) and to be induced by exogenous

serotonin (Reinitz and Stretton, 1996). The present work has also reported observations

of tail curling in male H. schachtii induced by serotonin. Tail curling, and other

behaviours associated with copulation, may be regulated by the release of serotonin from

stimulated secretory cells ofthe pharynx into the pseudocoelomic fluid.

Serotonin stimulated spicule eversion behaviour and the extrusion of a

homogeneous mass of material through the tube-like structure formed by the paired

spicules in male H. schachtii. Sulston et al. (1980) reported that the anal depressor and

sphincter muscles ofjuvenile C. elegans, which control defecation, become modified to

function in copulation during the adult stage. The anal depressor is reoriented and forms

attachments with the spicule protractor muscles, while the sphincter muscle enlarges and

develops attachments to the body wall, allowing for the closing and displacement of the

gut during sphincter contraction and ejaculation (Sulston et al., 1980). This suggests that

the eversion of the spicules and the extrusion of materials from H. schachtii may have

been caused by the action of serotonin on the anal depressor and sphincter muscles,

respectively. Serotonin is reported to inhibit defecation (Segalat et al., 1995),

presumably by causing contraction of the sphincter and closing of the gut, and to induce

egg-laying, a reproductive behaviour in C. elegans hermaphrodites (Horvitz et al., 1982;

Waggoner et al., 1998). Although it was determined that the extruded material did not

consist of spermatids or spermatozoa, it may have been an ejaculatory substance. In A.

suiun, an endogenous sperm activator, produced by the glandular vas deferens, coalesces
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to form a homogeneous mass inside the lumen of the vas deferens that is released with

spermatozoa during copulation (Poor and McMahon, 1973; Poor, 1976). The extruded

material observed in the present work may have been secretory products of the vas

deferens. The observation that serotonin elicits spicule eversion and apparent extrusion

of materials from the reproductive tract indicates that exogenous serotonin induces

copulatory behaviours in male H. schachtii. The results also suggest that these

behaviours (spicule eversion and extrusion of the homogeneous mass) may be naturally

regulated by endogenous serotonin.

The possibility that stimulation of sensory-neurosecretory cells, such as NSMs,

results in the release of serotonin into the pseudocoelom and the subsequent induction of

copulatory behaviours is speculation at this point. That PCM did not induce the same

behaviours as serotonin {i.e. spicule eversion and extrusion) suggests that another

mechanism may be involved. Stylet thrusting behaviour of males in PCM was not as

vigorous as that of males in serotonin. Perhaps excessive amounts of ingested fluids

caused by vigorous pharyngeal pumping in the serotonin group resulted in spicule activity

and extrusion. An increase in pressure within the gut is thought to cause defecation

(Crofton, 1971; Lee, 1975) and may have stimulated activity of copulatory muscles in H.

schachtii. Jairajpuri and Azmi (1977) observed that the rate of pharyngeal pumping in

female Acrobeloides spp. was correlated with the number of eggs being laid by the

female, and concluded that egg laying behaviour was due to an increase in pressure

inside the gut. Such a mechanism may be beneficial in male H. schachtii since all male

secementean nematodes lack ejaculatory muscles (Maggenti, 1991). That ejaculation

could not be induced in male H. schachtii in liquid culture has been observed in C.
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elegans, and may be a reflection of the lack of tactile stimuli in the liquid medium (Ward

etai, 1983; L'Heraault and Roberts, 1995).

Extracellular recording from the anterior region of//, schachtii males appeared to

be associated with stylet thrusting behaviour. However, the origin of the electrical

potentials, whether myogenic or neurogenic, was not determined. Nevertheless, the

electrophysiological preparation presented in this work may be useful as a technique of

bioassay of nematode pheromones, since FCM has been demonstrated to induce stylet

thrusting behaviour, and stylet thrusting behaviour (induced by serotonin) was recorded

from H. schachtii.

4.3 Conclusions

The present work has documented the characterization and isolation of a water

soluble, male specific, component of the female sex pheromone of the nematode, H.

schachtii, using HPLC techniques, and the biological activity of this substance in vitro.

Furthermore, the stylet of male H. schachtii has been shown to be fimctional, and its

activity can be used as a novel indicator of biological activity in behavioural bioassays to

identify the existence of nematode sex pheromones. Thrusting of the stylet, like other

precopulatory behaviours, was induced by exogenous serotonin. This suggests that stylet

thrusting behaviour may be essential for successful mate finding and copulation to occur

in H. schachtii.



bin YV uu .UU1^3\d

oj b:;

'

'.ikjjV^y.

lf;vnrj;»b -jdi lo nigho sriJ ,i'j/S'A'o!

/aW .bon; mtgifb fon

iu 3U»i-''

!ol7)^ o'ji'bni ot i>3lr>UiinonT,

U'.'L/iVvj; JiW UiiUOi'J !>.' V'-

itp' ..liB jlfJBfnof

TUMI 10 orffls§ovm is/f.

:Aji ^ofija .Pt>nomoi3riq t>bofBm3fi to <agf"; i

rj^iBv/ B to rioiifilo^i bnc

.V\ .aboiKmof

?.U ha

'Ctio stflf b3Jrt9m«:K>b aad )*iow Jna^oiq aril

>rlJ bfifi ?of;p!r Hi gn:

bi^iz adi ,310'

-rriq y.s? :ib<iir.m3rt lo 3on5i2i« sri:

uo/ay -I yioJBiu^w

.V.'i.



107

References

Albertson, D.G. & Thomson, J.N. (1976). The pharynx of Caenorhabditis elegans.

Philosophical Transactions ofthe Royal Society ofLondon B. Biological Science.

275: 299-325.

Ameyaw-Akumfi, C. & Hazlett, B.A. (1975). Sex recognition in the crayfish

Procambarus clarkii. Science. 190: 1225-1226.

Anya, A.O. (1973). The distribution and possible neuropharmacological significance of

serotonin (5-Hydroxytryptamine) in Aspiculuris tetraptera (Nematoda).

Comparative General Pharmacology. 4: 149-156.

Ashton, F.T., Li, J. and Schad, G.A. (1999). Chemo- and thermosensory neurons:

structure and fimction in animal parasitic nematodes. Veterinary Parasitology.

84:297-316.

Aumaim, J. & Hashem, M. (1993). Studies on substances with sex pheromone activity

produced by Heterodera schachtii females. Fundamental and Applied
Nematology. 16: 43-46.

Aumarm, J., Ladehoff, H. & Rutencrantz, S. (1998a). Gas chromatographic

characterization of the female sex pheromone oiHeterodera schachtii

(Nematoda: Heteroderidae). Fundamental and Applied Nematology. 21: 1 1 9- 1 22.

Aumann, J., Dietsche, E., Rutencrantz, S. & Ladehoff, H. (1998b). Physico-chemical

properties of the female sex pheromone ofHeterodera schachtii (Nematoda:

Heteroderidae). InternationalJournalfor Parasitology. 28: 1691-1694.

Avery, L, Raizen, D. & Lockery, S. (1995). Electrophysiological methods. In: Epstein,

H.F. & Shakes, D.C. (Eds.). Methods in cell biology, volume 48, Caenorhabditis

elegans: Modern biological analysis ofan organism. New York & London,

Academic Press, pp. 251-269.

Aziz, N.H., Farag, S.E., Mousa, L.A.A. & Abo-Zaid, M.A. (1998). Comparative

antibacterial and antifungal effects of some phenolic compoimds. Microbios. 93:

43-54.

Balakireva, M., Stocker, R.F., Gendre, N. & Ferveur, J. (1998). Voila, a new Drosophila

courtship variant that affects the nervous system: behavioral, neural, and genetic

characterization. Journal ofNeuroscience. 1 8: 4335-4343.

Baldwin, J.G. (1982). Fine structure of the esophagus of males ofSarisodera hydrophila

(Heteroderoidea). Journal ofNematology. 14: 279-285.



-i\ uv^

.\«iv» iUjiii,oV«nd

i-sjh:^-^-'^

.^\j, .l!l *'l ,

ifi. M.X.:

^ l.h



108

Baldwin, J.G. (1985). Fine structxire of the phasmid of second-stage juveniles of

Heterodera schachtii (Tylenchida: Nematoda). Canadian Journal ofZoology. 63:

534-542.

Baldwin, J.G. & Hirschmann, H. (1976). Comparative fine structure of the stomatal

region of males ofMeloidogyne incognita and Heterodera glycines. Journal of

Nematology. 8: 1-17.

Baldwin, J.G., Hirschmann, H. & Triantaphyllou, A.C. (1977). Comparative fine

structure of the esophagus of males of Heterodera glycines and Meloidogyne

incognita. Nematologica. 23: 239-252.

Baldwin, J.G. and Mundo-Ocampo, M. (1991). Heteroderinae, cyst- and

non-cyst-forming nematodes. In: Nickle, W.R. (Ed.). Manual ofagricultural

nematology. New York, Marcel Dekker, Inc. pp. 275-362.

Bargmann, C.I. & Horvitz, H.R. (1991). Chemosensory neurons with overlapping

fimctions direct chemotaxis to multiple chemicals in C. elegans. Neuron. 7:

729-742.

Beane, J. & Perry, R.N. (1983). Hatching of the cyst nematode Heterodera goettingiana

in response to root diffusate fi"om bean (Viciafaba). Nematologica. 29: 360-362.

Berger, R.S. (1972). 2,6-Dichlorophenol, sex pheromone of the lone star tick. Science.

Ill: 704-705.

Bestmann, H.J., Erler, J. & Vostrowsky, O. (1988). Determination of diel periodicity of

sex pheromone release in three species of Lepidoptera by 'closed-loop-stripping'.

Experientia. 44: 797-799.

Bird, A.F. & Bird, J. (1991). The structure ofnematodes, 2nd ed. New York & London,

Academic Press, Inc. 316 p.

Bird, A.F. and Soeffky, A. (1972). Changes in the ultrastructure of the gelatinous matrix

ofMeloidogynejavanica during dehydration. Journal ofNematology. 4:

166-169.

Bone, L.W. (1987). Pheromone communication in nematodes. In: Veech, J.A. &
Dickson, D.W. (Eds). Vistas on Nematology. DeLeon Springs, Florida, USA,

E.D. Painter, pp. 147-152.

Bone, L.W. & Bottjer, K.P. (1984). Characterization of and male adaptation to

pheromone of female Trichostrongylus colubriformis. Journal ofChemical

Ecology. 10: 1749-1758.



ban

; jtnfifT

'J rooi <

;^8y! ' Jl I ,i3liH ,.l.H jji

.-I 1 , •,«

.

iioii



109

Bone, L.W. & Shorey, H.H. (1978). Nematode sex pheromones. Journal ofChemical

Ecology. 4: 595-612.

Brownlee, D.J.A., Fairweather, I., Johnston, C.F. & Shaw, C. (1994).

Immunocytochemical demonstration of peptidergic and serotonergic components

in the enteric nervous system of the roundworm, Ascaris suum (Nematoda,

Ascaroidea). Parasitology. 108: 89-103.

Butenandt, V.A., Beckmann, R., Stamm, D. and Hecker, E. (1959). Uber den

sexual-lockstoff des seidenspinners Bombyx mori. Reindarstellung und

konstitution. Zeitschriftfur Naturforschung. 14b: 283-284.

Carde, R.T. & Minks, A.K. (1995). Control of moth pests by mating disruption:

successes and constraints. Annual Review ofEntomology. 40: 559-585.

Carta, L.K. & Baldwin, J.G. (1990a). Phylogenetic implications of phasmid absence in

males of three genera in Heteroderinae. Journal ofHematology. 22: 386-394.

Carta, L.K. & Baldwin, J.G. (1990b). Ultrastructure of phasmid development on

Meloidoderafloridensis andM charis (Heteroderinae). Journal ofHematology.

22: 362-385.

C. elegans Sequencing Consortium. (1998). Genome sequence ofthe nematode C.

elegans: a platform for investigating biology. Science. 282: 2012-2018.

Chapman, R.F. (2000). Entomology in the twentieth century. Annual Review of

Entomology. 45: 261-285.

Chaudhuri, J., Martin, R.E. & Donahue, M.J. (1988). Evidence for the absorption and

synthesis of 5-hydroxytryptamine in perfused muscle and intestinal tissue and

whole worms of adult >l5cam 5MMm. Parasitology. 96: 157-170.

Chin, D.A., & Taylor, D.P. (1969). Sexual attraction and mating patterns in

Cylindrocorpus longistoma and C. curzii (Nematoda: Cylindrocorporidae).

Journal ofHematology. 1:313-317.

Clark, S.A., Shepherd, A.M. & Kempton, A. (1973). Spicule structure in some

Heterodera spp. Hematologica. 19:242-247.

Cone, W.W., McDonough, L.M., Maitlen, J.C. & Burdajewicz, S. (1971). Pheromone

studies of the twospotted spider mite. 1. Evidence of a sex pheromone. Journal

ofEconomic Entomology. 64: 355-358.



POI

tfonHq >ror M (?^V --orl? * 7^' .! .-.rroB

.:1 .ic:f ,. >•

'.; 1
••;• • :« -• VVi '^- )

1 /,".-.. .'.I. :j V?

.28£-£d£ ;£L

,rnom3 .ififW::) .^.51,Ji.

k tlubii' to «miow atori'.'.

"^i ' "'

r

-or \...-,..,, /f -., , . . v.,v' i'..v\



no

Crofton, H.D. (1971). Form, function, and behaviour. In: Zuckerman, B.M., Mai, W.F.

and Rohde, R.A. (Eds.). Plantparasitic nematodes. New York and London,

Academic Press. 345 p.

CroU, N.A. and Wright, K.A. (1976). Observations on the movements and structure of

the bursa oiNippostrongylus brasiliensis and Nematospiroides dubitds. Canadian

Journal ofZoology. 54: 1466-1480.

Davis, R.E. and Stretton, A.O.W. (1989a). Passive membrane properties of

motomeurons and their role in long-distance signalling in the nematode Ascaris.

(1989). Journal ofNeuronscience. 9:403-414.

Davis, RE. Stretton, A.O.W. (1989b). Signalling properties ofAscaris motomeurons:

graded active responses, graded synaptic transmission, and tonic transmitter

release. Journal ofNeuroscience. 9:415-425.

Davis, R.E. and Stretton, A.O.W. (1992). Extracellular recordings from the motor

nervous system of the nematode, Ascaris suum. Journal ofComparative

Physiology A. 171: 17-28.

Davis, RE. and Stretton, A.O.W. (1996). The motomervous system ofAscaris:

electrophysiology and anatomy ofthe neurons and their control by

neuromodulators. Pam^/Yo/ogy. 113:S97-117.

Dickinson, S. (1959). The behaviour of larvae ofHeterodera schachtii on nitrocellulose

membranes. Nematologica. 4: 60-66.

Doncaster, C.C. & Seymour, M.K. (1973). Exploration and selection of penetration site

by Tylenchida. Nematologica. 19: 137-145.

Endo, B.Y. (1984). Ultrastructureoftheesophagusof larvae of the soybean cyst

nematode, Heterodera glycines. Proceedings ofthe Helminthological Society of

Washington. 51: 1-24.

Poor, W.E. & McMahon, J.T. (1973). Role of the glandular vas deferens in the

development ofAscaris spermatozoa. Journal ofParasitology. 59: 753-758.

Poor, W.E. (1976). Structure and function of the glandular vas deferens in Ascaris suum

(Nematoda). Journal ofParasitology. 62: 849-864.

Pranklin, M.T. (1965). A/e/o/Jogywe ~ Root-knot eelworms. In: Southey, J.F. (Ed.).

Plant nematology. London, England, Her Majesty's Stationery Office, pp. 59-88.



T V/ ,!f

'

.i.ti ,rti{trTjy\ jj\ ,:ii ;ij'

: l,r ,T ,,.\ .\r.

! V
. ) .a.H .noftoiO

\AM..\n.> . I'

;i\A:'i »

i Vl \ui'

lir^.

.in in 'siijfiiL

) W.OA

loijimanfirn

J.A ,noi;

to maj. ,.!Of'i J,' ' A .rrr^nuijii bni.

.11 .<Jr^o\o\\^-vi•^oH .aioiKLibomoiusf!

sotI
' ..,.!..ff .„rr o?or^ ?

»!!('.

8?^

-.n\nv;. v.v-

Ji V)
'.1 > C 1 -



Ill

Goodman, M.B., Hall, D.H., Avery, L. and Lockery, S.R. (1998). Active currents

regulate sensitivity and dynamic range in C elegans neurons. Neuron. 20:

763-772.

Green, CD. (1966). Orientation of male Heterodera rostochiensis Woll. and H.

schachtii Schm. to their females. Annals ofApplied Biology. 58: 327-339.

Green, CD. (1967). The attraction ofmale cyst-nematodes by their females.

Nematologica. 13: 172-174.

Green, CD. (1980). Nematode sex attractants. Helminthological Abstracts Series B. A9:

82-93.

Green, CD. & Greet, D.N. (1972). The location ofthe secretions that attract male

Heterodera schachtii Sindi H. ro5/oc/i/e«5w to their females. Nematologica. 18:

347-352.

Green, CD. and Plumb, S.C (1970). The interrelationships of some Heterodera spp.

indicated by the specificity of the male attractants emitted by their females.

Nematologica. 16: 39-46.

Greet, D.N. (1964). Observations on sexual attraction and copulation in the nematode

Panagrolaimus rigidus (Schneider). Nature. 204: 96-97.

Greet, D.N., Green, CD. & Poulton, M.E. (1968). Extraction, standardization and

assessment of the volatility of the sex attractants of Heterodera rostochiensis

Woll. and H. schachtii Schm. Annals ofApplied Biology. 61: 511-519.

Grundler, F., Betka, M. & Wyss, U. (1991). Influence of changes in the nurse cell

system (syncytium) on sex determination and development of the cyst nematode

Heterodera schachtii: total amounts of proteins and amino acids.

Phytopathology. 81:70-74.

Hildebrand, J.G. (1995). Analysis of chemical signals by nervous systems. Proceedings

ofthe National Academy ofSciences ofthe U.S.A. 92: 67-74.

Horvitz, H.R., Chalfie, M., Trent, C, Sulston, J.E. and Evans, P. (1982). Serotonin and

octopamine in the nematode Caenorhabditis elegans. Science. 216: 1012-1014.

Howse, P.E., Stevens, I.D.R. & Jones, O.T. (1998). Insectpheromones and their use in

pest management. Lx)ndon, Chapman «fe Hall. 369 p.

Huettel, R.N. (1986). Chemical communicators in nematodes. Journal ofNematology.

18:3-8.



J /~i fi ;mbooD

KOW 7\V,X^\^ .(iS3lD

\0\ Cl r J ^* IV- V' i '

V^
*

..U, \r-:. ,.,^..A^.*\-i,^^ V\ ^»; ,^ '1. irirf.rri-iV (CiPi'Vi ': -^ r, ; ,)

t mOii':)

dfnul^ fc«6

'CrM/.CT

-'
\",\j\-.)V>«\j/

Hso agiijf

Mf :',». ttl'\r* , /•'

-OV li<

hnii nit)

HOI -I. (Of

,as\\ ViV^.Vl AS?V)St\0\ iS*.

uri^ .fiobnc

'*,jmvjo'^.

8-£ :8I



112

Huettel, R.N & Rebois, R.V. (1986). Bioassay comparisons for pheromone detection in

Heterodera glycines, the soybean cyst nematode. Proceedings ofthe

Helminthological Society of Washington. 53: 63-68.

Jaffe, H., Huettel, R.N., Demilo, A.B., Hayes, D.K. & Rebois, R.V. (1989). Isolation

and identification of a compound from soybean cyst nematode, Heterodera

g/ycwe^, with sex pheromone activity. Journal ofChemical Ecology. 15:

2031-2043.

Jairajpuri, M.S. & Azmi, M.I. (1977). Reproductive behaviour ofAcrobeloides sp.

Nematologica. 23: 202-212.

Jarman, M. (1959). Electrical activity in the muscle cells oiAscaris lumbricoides.

Nature. 184: 1244.

Johnson, CD., Reinitz, C.A., Sithigomgul, P. & Stretton, A.O.W. (1996). Neuronal

localization of serotonin in the nematode Ascaris suum. Jounal ofComparative

Neurology. 367: 352-360.

Jones, T.P. (1966). Sex attraction and copulation in Pelodera teres. Nematologica. 12:

518-522.

Jones, T.P., Perry, R.N. and Johnston, M.R.L. (1994). Changes in the ultrastructure of

the amphids of the potato cyst nematode, Globodera rostochiensis, during

development and infection. Fundamental and Applied Nematology. 17: 369-382.

Karlson, P. and Liischer, M. (1959). 'Pheromones': a new term for a class of

biologically active substances. Nature. 183:55-56.

Klun, J.A., Plimmer, J.R. & Bierl-Leonhardt, B.A. (1979). Trace chemicals: the essence

of sexual communication systems in Heliothis species. Science. 204: 1328-1330.

Law, J.H. «& Regnier, F.E. (1971). Pheromones. Annual Review ofBiochemistry. AO:

533-548.

Lee, D.L. (1975). Structure and function ofthe intestinal-cloacal junction of the

nematode Heterakis gallinarum. Parasitology. 70: 389-396.

L'Hemault, S.W. & Roberts, T.M. (1995). Cell biology of nematode sperm. In: Epstein,

H.F. & Shakes, D.C. (Eds.). Methods in cell biology, volume 48, Caenorhabditis

elegans: Modern biological analysis ofan organism. New York & London,

Academic Press, pp. 273-301. -

Linford, M.B. (1941). The feeding of nematodes before and during their entry into roots.

Phytopathology. 31: 862. [Abstr.]



-
f r„C(

'jon3^.2e»'.«.) . ... -. (';'T9ifTA.H,Jbirxrfno3J-fv> f: mmii

Ao\',?,mu'\ .mvnoi^'Wvj'^ y.\iu*vi\''^\\ yboJErnsf;

I i^'.-iX^ .qq «?ST'^i ;)fmsbf;3/\

"I' ';•'' "'^;jbbnfi "i"'' ' tboJiinisn lo , . ) .8M,bToiniJ



113

Loer, CM. and Kenyon, C.J. (1993). Serotonin-deficient mutants and male mating

behavior in the nematode Caenorhabditis elegans. Journal ofNeuroscience.lS:

5407-5417.

Mai, W.F. & Mullin, P.G. (1996). Plant-parasitic nematodes: a pictorial key to genera,

5th ed. Ithaca & London, Compstock Publishing Assoc. 277 p.

Marchant, H.J. (1970). Bursal response in sexually stimulated Nematospiroides dubius

(Nematoda). Journal ofParasitology. 56:201-202.

Maggenti, A.R. (1991). General nematode morphology. In: Nickle, W.R. (Ed.).

Manual ofagricultural nematology. New York, Marcel Dekker, Inc. pp.

3-46.

McClure, MA. & von Mende, N. (1987). Induced salivation in plant-parasitic

nematodes. Phytopathology. 77: 1463-1469.

Meyer, S.L.F. & Huettel, R.N. (1996). Application of a sex pheromone, pheromone

analogs, and Verticillium lecanii for management of Meterodera glycines.

Journal ofNematology. 28: 36-42.

Meyer, S.L.F., Johnson, G., Dimock, M., Fahey, J.W. & Huettel, R.N. (1997). Field

efficacy of Verticillium lecanii, sex pheromone, and pheromone analogs as

potential management agents for soybean cyst nematode. Journal ofNematology.

29: 282-288.

Muller, R. & Ellis, D.S. (1973). Studies on Dracunculus medinensis (Lixmiieus). HI.

Structure of the phasmids in the first-stage larva. Journal ofHelminthology. 47:

27-33.

Mullin, C.A., Chyb, S., Eichenseer, H., Hollister, B. & Frazier, J.L. (1994).

Neuroreceptor mechanisms in insect gustation: a pharmacological approach.

Journal ofInsect Physiology. 40: 913-931.

Neogi, N.C., Baliga, P.A.C. and Srivastava, R.K. (1963). In vitro anthelmintic activity

of some indigenous drugs. Journal ofthe Indian Medical Association. 4 1

:

435-437.

Obrecht, C. & Hanson, F.E. (1989). Instrumental measurement of the gypsy moth

pre-flight behavioural response to pheromone. Physiological Entomology. 14:

187-193.



'
Ax-. \vwisv*)V. ,/.n':'^>\j MuViAuA'v

. £01- i UL :fiC .M]^,u\auv.v, vi.i "i itiOJfifOsH^

.(l>Bl 51 W .giioiH nl .'/solodcpom sboleman IbisikjD .( tQQV)

3i|j,.-;.7iT-r-trt(.;!i-5 r?t ffi.'!-- ,•;;,(•.: 5 .,,',1! (T'-'O!"; L"' ? -.i'i-iM flO'/ A .A..M ,1'

(AH ?*i^«>jgms';

bbiT (TWi 'umiiU & V/ I ,^{^riB^ . M ,>tooGiiG ,0 .fto^nriol ,.

;

.i'i

.(t'A'i) J!, .!5(viir-i ii ,a ,i^r?rtioi{ .>! ;!i>3efr>riy:-l ,.2 .dvilD ...

.ri3fi<"."qqij [>r:ii;jo'o3s;ii.nBHq 6 :noi(st ' 'iaufmotqaoaion

'tn.-.i /?,q{jj odJto JnorniAL! r-iTi iB?{i^rnirtl8nf dMA } .11,4 ./loanaH •? /^

i^v>\nA \uj>i'^<:»\o fiof)K/i;jriq ol aznoq^oi iBiuoivarisd '

.t.«?i-V81



114

Painter, S.D., Clough, B., Garden, R.W., Sweedler, J.V. & Nagle, G.T. (1998).

Characterization ofAplysia attractin, the first water-borne peptide pheromone in

invertebrates. Biological Bulletin. 194: 120-131.

Perry, R.N. (1987). Host-induced hatching ofphytoparaisitic nematode eggs. In: Veech,

J.A. & Dickson, D.W. (Eds.). Vistas on Hematology. DeLeon Springs, Florida,

USA, E.D. Painter, pp. 159-164.

Perry, R.N. (1989). Root diffusates and hatching factors. Aspects ofApplied Biology.

22: 121-128.

Perry, R.N. (1994). Studies on nematode sensory perception as a basis for novel control

strategies. Fundamental and Applied Nematology. 17: 199-202.

Poinar, G.O. Jr. (1965). Life history ofPelodera strongyloides (Schneider) in the orbits

of murid rodents in Great Britain. Proceedings ofthe Helminthological Society of
Washington. 32: 148-151.

Potter, J.W. & Fox, J.A. (1965). Hybridization ofHeterodera schachtii and H. glycines.

Phytopathology. 55: 800-801.

Raizen, D.M. & Avery, L. (1994). Electrical activity and behavior in the pharynx of

Caenorhabditis elegans. Neuron. 12-483-495.

Rand, J.B. & Johnson, CD. (1995). Genetic pharmacology: interactions between drugs

and gene products in Caenorhabditis elegans. In: Epstein, H.F. & Shakes, D.C.

(Eds.). Methods in cell biology, volume 48, Caenorhabditis elegans: Modern

biological analysis ofan organism. New York & Lx)ndon, Academic Press, pp.

187-204.

Raski, D.J. (1949). Thelifehistory and morphology of the sugar-beet nematode,

Heterodera schacthii Schmidt. Phytopathology. 40:135-152.

Regnier, F.E. & Law, J.H. (1968). Insect pheromones. Journal ofLipid Research. 9:

541-551.

Reinitz, C.A. & Stretton, A.O.W. (1996). Behavioral and cellular effects of serotonin on

locomotion and male mating posture in Ascaris suum (Nematoda). Journal of

Comparative Physiology. 178: 655-667.

Riga, E., Perry, R.N., Barrett, J. & Johnston, M.R.L. (1995). Biochemical analyses on

single amphidial glands, excretory-secretory gland cells, pharyngeal glands and

their secretions from the avian nematode Syngamus trachea. International

Journalfor Parasitology. 25: 1151-1158.



t^U

•I 3tjj?t:;

'D.W.Ci ao?>fota :2..A.l

,qq TOlniij*J Clii ,A81J

vjidi

.D.G ,*^ 'i: ' ^ •?) 1 H ,niafeq:i nf .'.miS^^A^. fu ittoubOKj ^ns-

.qq .%yiM 3>mybKoA .nubnal -^ >{toY wgK .sftanvigto i^u Vo ?.vi'<\'B\^tt V

, * .3/!

;fTt "Jliir '

i!/ifiriq .'-.itsjbfifc.L jxo ,2b«e{jg iGrbtriqmu ;

B '''(-( C 1 I c !I v;j^i.uv.vy^u'\ '^oV \usYMJOV..



lis

Riga, E., Holdsworth, D.R., Perry, R.N., Barrett, J. & Johnston, M.R.L. (1997).

Electrophysiological analysis of the response of males of the potato cyst

nematode, Globodera rostochiensis, to fractions of their homospecific sex

pheromone. Parasitology. 115:311-316.

Riga, E., Perry, R.N, Barrett, J. & Johnston, M.R.L. (1996). Electrophysiological

responses of males of the potato cyst nematodes, Globodera rostochiensis and G.

pallida, to their sex pheromones. Parasitology. 112: 239-246.

Riga, E. & Webster, J.M. (1992). Use of sex pheromones in the taxonomic

differentiation ofBursaphelenchus spp. (Nematoda), pathogens of pine trees.

Nematologica. 38: 133-145.

Robertson, W.M. (1975). A possible gustatory organ associated with the odontophore in

Longidorus leptocephalus and Xiphinema diversicaudatum. Nematologica. 21:

443-448.

Robertson, W.M. (1979). Observations on the oesophageal nerve system ofLongidorus

leptocephalus. Nematologica. 25: 245-254.

Sambrook, J., Fritsch, E.F. & Maniatis, T. (1989). Molecular cloning: a laboratory

manual 2nd ed. Cold Spring Harbor Laboratory Press.

Saunders, J.R. & Burr, A.H. (1978). The pumping mechanism of the nematode

esophagus. BiophysicalJournal. 22: 349-372.

Schneider D. (1957). Electrophysiological investigation on the antennal receptors of the

silk moth during chemical and mechanical stimulation. Experientia. 13: 89-91.

Schneider, D. (1969). Insect olfaction: deciphering system for chemical messages.

Science. 163: 1031-1037.

S6galat, L., Elkes, D.A. & Kaplan, J.M. (1995). Modulation of serotonin-controlled

behaviours by Go in Caenorhabditis elegans. Science. 267: 1648-1651.

Shakes, D.C. & Ward, S. (1989). Initiation of spermiogenesis in C. elegans: a

pharmacological and genetic analysis. Developmental Biology. 134: 189-200.

Shepherd, A.M. (1965). Heterodera: Biology. In: Southey, J.F. (Ed.). Plant

nematology. London, England, Her Majesty's Stationery Office, pp. 89-102.

Shepherd, A.M., Clark, S.A. & Kempton, A. (1973). Spermatogenesis and sperm

ultrastructure in some cyst nematodes, //e/ero</era spp. Nematologica. 19:

551-560.



Ul

•r,r,.7T -.7 ,.. cr

i> L»(ib

L-Otfim3fi

tu"^oV\\^",uiA'Jo !r!ofc,r2 'jr\tin Ih'j

.tr

9bol

(•^t

! : --•"> .;

;-f€Oi rdi

00£-'^>.( >'-!

:0i-v>8 qq

A.J' ;iii50,



116

Shepherd, A.M., Clark, S.A. & Hooper, D.J. (1980). Structure of the anterior alimentary

tract ofAphelenchoides blastophthorus (Nematoda: Tylenchida, Aphelenchina).

Nematologica. 26: 313-357.

Shepherd, A.M. & Clark, S.A. (1983). A re-examination of oesophageal ultrastructure in

Ditylenchus dipsaci (Nematoda, Tylenchida) with some observations on intestinal

structure. Nematologica. 29: 151-170.

Shorey, H.H. (1973). Behavioral responses to insect pheromones. Annual Review of
Entomology. 18: 349-380.

Slifer, E.H., Prestage, J.J. & Beams, H.W. (1957). The fine structure of the long

basiconic sensory pegs of the grasshopper (Orthoptera, Acrididae) with special

reference to those on the anterma. Journal ofMorphology. 101: 359-397.

Sobczak, M., Golinowski, W. & Grundler, F.M.W. (1999). Ultrastructure of feeding

plugs and feeding tubes formed by //e^erofifera ^c/iac/i/zr Hematology. 1:

363-374.

Stephenson, W. (1942). The effect of variations in osmotic pressure upon a free-living

soil nematode. Parasitology. 253-265.

Sternberg, P.W. & Horvitz, H.R. (1988). //n-7 7 mutations of Caenorhabditis elegans

disrupt certain asymmetric cell divisions. Developmental Biology. 130: 67-73.

Sulston, J.E., Albertson, D.G. and Thomson, J.N. (1980). The Caenorhabditis elegans

male: postembryonic development of nongonadal structures. Developmental

Biology. 78: 542-576.

Thome, G. (1961). Principles ofnematology. New York and London, McGraw-Hill

Book Company, Inc. 553 p.

Townshend, J.L. (1983). Anaesthesia ofthree nematode species with propylene

phenoxetol. Nematologica. 29: 357-360.

van der Pers, J.N.C. & Minks, A.K. (1993). Field and laboratory single cell recordings

of pheromone receptors ofAdoxophyes orana and Pandemis heparana.

Proceedings ofthe section Experimental and Applied Entomology. 4: 109-1 14.

Varma, R.S., Shukla, A. & Chaterjee, R.K. (1993). Evaluation of vanillic acid analogues

as a new class of antifilarial agents. Indian Journal ofExperimental Biology. 3 1

:

819-821.

Wang, K.C. & Chen, T.A. (1985). Ultrastructure ofthephasmid of 5ctt/e//one/wa

brachyurum. Journal ofNematology. 17: 175-186.



M

' ? h*!' ,^r-^{^P

:0 », A

,\S^(»\t>ta«<'iA rmsioiiV''

ni9i \x\\nwk ?Sf?ofr

"n^4ni5 ^fiJ no vorU oJ icjnsi-.';;

lOfTl' briB G noartadl

I r rti
';^n\\

M \j,>\\. vM



117

Waggoner, L.E., Zhou, G.T., Schafer, R.W. & Schafer, W.R. (1998). Control of

alternative behavioral states by serotonin in Caenorhabditis elegans. Neuron. 21:

203-214.

Ward, S. (1973). Chemotaxis by the nematode Caenorhabditis elegans: identification

of attractants and analysis of the response by use of mutants. Proceedings ofthe

National Academy ofScience U.S.A. 70: 817-821.

Ward, S., Thomson, N., White, J.G. & Brenner, S. (1975). Electron microscopical

reconstruction of the anterior sensory anatomy of the nematode Caenorhabditis

elegans. Journal ofComparative Neurology. 160:313-337.

Ward, S., Hogan, E. & Nelson, G.A. (1983). The initiation of spermiogenesis in the

nematode Caenorhabditis elegans. Developmental Biology. 98: 70-79.

Ware, R.W., Clark, D., Crossland, K. & Russell, R.L. (1975). The nerve ring of the

nematode Caenorhabditis elegans: sensory input and motor output. Journal of

Comparative Neurology. 162: 71-110.

Weesner, F.M. (1960). General zoological microtechniques. Baltimore, Williams &
Wilkins Company. 230 p.

Weissburg, M.J., Doall, M.H. & Yen J. (1998). Following the invisible trail: kinematic

analysis of mate-tracking in the copepod Temora longicornis. Philosophical

Transactions ofthe Royal Society ofLondon B. Biolgical Science. 353: 701-712.

White, J.G., Southgate, E., Thomson, J.N. & Brenner, S. (1976). The structure ofthe

ventral nerve cord of Caenorhabditis elegans. Philosophical Transactions ofthe

Royal Society ofLondon B. Biological Science. 275: 327-348.

White, J.G., Southgate, E., Thomson, J.N. & Brenner, S. (1986). The structure of the

nervous system ofthe nematode Caenorhabditis elegans. Philosophical

Transactions ofthe Royal Society ofLondon B. Biological Science. 275: 327-348.

Whitehead, A.G. & Hemming, J.R. (1965). A comparison of some quantitative methods

of extracting small vermiform nematodes from soil. Annals ofApplied Biology.

55: 25-38.

Williams, T.D. & Beane, J. (1979). Temperature and root exudates on the cereal

cyst-nematode Heterodera avenae. Nematologica. 25: 397-405.

Wright, K.A. (1983). Nematode chemosensilla: form and function. Journal of

Nematology. 15: 151-158.



^.Q9l\ 5!V/ 7-. >] !0"Hfi:>2,.T.D,uQriS,.3J,i3no:;r;BW

Mi '

* ^ » ' *J , -,,..;. .an jilj ,
itf -ifino no; -

XlU'f/

sriJ nf «!•

.^\-U» .OV .(^!;v<.(>\U ,\SV.V:\ M'vjii ./ v(-"ur

\oVmvvwu\ lotofti bnfi

11 i-iV Ldl .>(j^oVv\vs'M 'yn\w-vu'\sMo

:^^ im&ilJiW ,vi(XnijiBO ^v. piml. Isoigoloo.^ Iin^fwO (Od^I

cj 0€£ y.'iflqmo'.) antiiiV/

:j/Jr



118

Wright, K.A., Carter, R.F. & Robertson, W.M. (1983). The musculature of the anterior

feeding apparatus ofXiphinema species (Nematoda: Dorylaimoidea).

Nematologica. 29: 49-64.

Wyss, U. (1992). Observations on the feeding behaviour of Heterodera schachtii

throughout development, including events during moulting. Fundamental and
Applied Nematology. 15: 75-89.

Yen, J., Weissburg, M.J. & Doall, M.H. (1998). The fluid physics of signal perception

by mate-tracking copepods. Philosophical Transactions ofthe Royal Society of
London B. Biological Science. 353: 787-804.

Yuen, P.H. (1968). Electron microscopical studies on D/fy/encAtiy J/p^ac/. n
Oesophagus. Nematologica. 14: 385-394.

Zar, J.H. (1996). Biostatistical analysis, 3rd ed. Upper Saddle River, Prentice

Hall, 662 pp.



<v9^ e .\^.



119

Appendix I



Vi!

1 xibn^qq/i



120

The effects of host infection site on female Heterodera schacthii development

If a high degree of morphological variation exists among females selected for

pheromone collection, then quantities of pheromone produced by the females may vary

accordingly. To prevent such a phenomenon from interfering with the outcome of the

experiments described in the text, the relationship between the thickness of the vascular

bundle of the cabbage root at the infection site and cyst size was investigated to

determine if the site of infection affected female development and, possibly, pheromone

production. Rearing of female H. schachtii in transparent growth pouches (Mega

International of Minneapolis) allowed for the observation of female development under

the light microscope throughout the rearing period. Growth pouches containing cabbage

seedlings and sedentary females were placed directly onto the stage of a light microscope

(Dialux 20, Leitz) and investigated under lOOx magnification. A calibrated micrometer

placed in the ocular barrel of the microscope was used to measure the dimensions of 30

mature cysts and the thickness of the vascular bundle at corresponding sites of infection.

The vascular bimdle could be seen traversing the length of the roots because the roots

were transparent once illuminated on the microscope stage. The overall thickness of the

root, including epidermal tissue, was not measured because small roots tended to have a

disproportionately thick layer of epidermis, when compared to larger roots, which

prevented reliable measurements of the differences in root capacity. The radius of the

vascular bundle of the root was measured 0.5 mm distal to the infection site of the root to

avoid measuring lesioned root material enlarged by the action of the infective nematodes.

This phenomenon was commonly seen in thinner roots. Values were squared and

multiplied by n to express results as an estimation of the cross sectional area (mm^) of
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the vascular bundle near the infection site. The length ofthe female cyst was taken as the

straight line distance from the posterior extremity of the vulval cone to the opposite end

of the cyst, which was not the anterior most extremity. Females of//, schachtii take on a

curved shape as they mature into cysts and, as a result, the cephalic region is shifted to

one side rather than being aligned with the longitudinal axis, as in males. The width of

the cyst was measured at the thickest region of the nematode. The product of cyst length

and width provided a value, in units of area (mm^), that gave a useful estimate of cyst

size. The cross-sectional area of the vascular bundle 0.5 mm distal to the infection site

was compared to the size of the cyst. Data were analyzed using a linear regression model

with 95% confidence.

As it was discovered that large cysts develop on large roots, and small cysts

develop on small roots, female cysts were selected from large roots to maximize the

amounts of pheromone being collected in the female conditioned medium. It was

assumed that larger cysts would produce greater quantities of pheromone. Care was

taken not to collect females that varied greatly in size to ensure that consistent amounts

ofpheromone were collected in the FCM.
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Heterodera schachtii female cyst size is correlated with cross sectional area of the

root vascular bundle near host infection site. Each point (n=30) in the accompanying

figure represents one female cyst. Cyst size was estimated by the product of length and

width. Variables are correlated, as determined by a linear regression analysis with 95%

confidence: F==47.95. r^=0.61, P<0.0001.
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Optimal incubation methods for producing the female conditioned medium (FCM)

The following are the results of a preliminary experiment to establish methods for

obtaining optimal amounts of H. schachtii female pheromone in the female conditioned

medium (FCM). Males were, predominantly, most attracted to FCM produced by

incubating 20 females in water {A, C). The, apparently, low attraction of males toward

FCM produced from 20 females after 3 days of incubation (E) might be explained by a

high concentration of pheromone contained in the FCM after 3 days of incubation. This

explanation is possible because if the concentration of a substance diffusing through the

agar medium is high enough, a uniform distribution of that substance will occur (Ward,

1973), preventing the formation of a chemical gradient that can be detected by the

nematode. Assuming this was the case, and that the highest concentration of pheromone

was obtained by incubating 20 females for 3 days (5), the attraction of males toward

FCM produced after 2 or 4 days incubation {A, C) must have had a lower concentration

of pheromone in the medium since the nematodes were not disoriented, but were

attracted to the centre of the dish. For these reasons, incubating 20 females in 1 ml of

ultrapure water for 3 days was deemed an optimal method of collecting the H. schachtii

female sex pheromone.
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Attraction of male Heterodera schachtii to female conditioned medium (FCM)

produced following different incubation methods. Movement of H. schachtii males

toward the target in the presence of FCM produced from 5 (), 10 (•) and 20 (D)

females, or ultrapure water as control (o), over a period of 120 minutes in Petri dish

bioassays. Females were previously incubated in concentrations of 5, 10 or 20 per 1ml of

ultrapure water for (A) 2, (B) 3 or (C) 4 days to produce FCM. Means ±SEM are

reported. All points are significantly different (P<0.05) from control, as indicated by the

Mann-Whitney L'^test, except where indicated by asterisks.
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Absorption spectrophotometry. The following data are the absorption spectra of

vanillic acid (10"' M) and 4 different samples of female conditioned medium (FCM).

The wavelength and relative absorbance ofthe major peaks in each spectrum are reported

in an accompanying table. The figures illustrate a variable degree of absorbance activity

near 260 nm in FCM samples (see text).



Vanillic acid(lO-'M)

Wavelength (nm) Absorbance
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High performance liquid chromatography (EIPLC). The foUovsdng are HPLC

chromatographs of 5 different samples of female conditioned medium (FCM) and

respective samples of ultrapure water as control. All FCM samples were tested in

bioassays and were biologically active. The following figures illustrate the variability in

absorbance activity between FCM samples (see text).
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