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Stellingen 

1. Voor het verbeteren van de inzetbaarheid van insecten-parasitaire nematoden is het 
zinvoller plaaginsecten te screenen op hun geschiktheid als doelwit dan isolaten van 
nematoden te screenen op hun geschiktheid als middel. 

Dit proef sehr iß 

2. Het optimaliseren van productie- en opslagtechnieken om de effectiviteit van insecten-
parasitaire nematoden te verhogen wordt verwaarloosd ten gunste van genetische selectie 
op gedragskenmerken. 

Dit proefschrift 

3. Het clusteren van insecten-parasitaire nematoden in gastheren is een belangrijke 
belemmering voor succesvolle biologische bestrijding van bodeminsecten. 

Dit proefschrift 

4. Infectiositeit is niet een intrinsiek vermogen van insecten-parasitaire nematoden maar de 
uitkomst van een interactie tussen nematoden, insecten en abiotische omstandigheden. 

Dit proefschrift 
Curran, J.1993. In: Bedding, R., Akhurst, R, and Kaya, H. (Eds), Nematodes and the 
biological control of insect pests. CSIRO, East Melbourne, p. 67-78. 

5. Het beste perspectief voor succesvolle toepassing van Heterorhabditis spp. tegen 
taxuskever in de volle grond moet gezocht worden in het ontwikkelen van strategieën die 
het moment van toepassen in de richting van de zomer verschuiven. 

Dit proefschrifi 

6. Geen van de termen entomopathogeen, entomogeen, entomofaag, entomofiel of insecten-
parasitair, geeft een juiste karakterisering van de relatie die nematoden van het geslacht 
Heterorhabditis hebben met insecten. 

7. Inzicht in de werking van insecten-parasitaire nematoden maakt het mogelijk dit 
biologisch bestrijdingsmiddel succesvol toe te passen en daarmee vaak uitgesproken 
verwachtingen waar te maken. 

8. De bijdrage van genetische modificatie aan de toekomst van biologische bestrijding met 
nematoden blijft vooralsnog marginaal in vergelijking tot die van populatie-ecologisch 
onderzoek. 

Burnell, A.M. & Dowds, B.C.A. 1996. Biocontrol Science and Technology 6: 435-
447. 

9. Een plotselinge toename van overzichtsartikelen op een bepaald vakgebied duidt óf op een 
snelle ontwikkeling in resultaten en ideeën öf juist op een stagnatie daarvan. 



10. Herhalingen van experimenten in ecologisch onderzoek in de nematologie dienen evenzeer 
om inzicht te krijgen in de variabiliteit als om de betrouwbaarheid van conclusies te 
vergroten. 

11. Communicatie is verraderlijk wanneer men denkt elkaar te begrijpen. 

12. De bijdrage van stoplichten voor fietsers aan de verkeersveiligheid is omgekeerd 
evenredig met de gemiddelde wachttijd. 

13. De voorkeur van veel Friezen voor grote open vlakten (agorafilie) is zowel oorzaak als 
gevolg van het ontbreken van bomen en bos op het Friese platteland. 

Stellingen behorende bij het proefschrift van Paula Westerman: " Biological control of 
Otiorhynchus sulcatus by insect parasitic nematodes, Heterorhabditis spp., at low 
temperatures; a systems analytical approach". 
Wageningen, 25 juni 1997 



Abstract 

The black vine weevil, Otiorhynchus sulcatus, is an important pest in ornamentals and 

nursery stock in The Netherlands. The larvae, which feed on the root system of the plant, can 

be controlled by insect parasitic nematodes, Heterorhabditis. However, the presently 

available isolates of the nematode are ineffective at temperatures below 12-13 °C, causing 

problems in black vine weevil control in open cultures. In this study, options to improve 

control by Heterorhabditis are explored, using a systems analytical approach. First, the 

nematode behavioural processes involved in host finding and control were studied and 

characterized. These processes are nematode movement, immobilization and remobilization 

near the soil surface, accumulation near an attractive insect (arrestment), penetration and 

aggregation of nematodes among insect hosts. The influence of temperature (9 and 20 °C) and 

host species (O. sulcatus or the more attractive and susceptible Galleria mellonella) on 

nematode behaviour was assessed to determine the contribution of these factors to control 

success. Knowledge of behavioural processes was integrated into a systems simulation model 

that relates the control success to the underlying behavioural processes. The model simulates 

movement of nematodes in space and time from the moment of application on a sand column 

until penetration into a host. The model for O. sulcatus at 9 °C was most sensitive to changes 

in the parameters characterizing aggregation and arrestment. Parameters characterizing 

penetration, the proportion infectious nematodes and the relative penetration rate, had a 

moderate effect on model outcome. Options for improvement were evaluated by relating the 

sensitivity of the model to genetic and phenotypic variation found in the nematodes. The 

amount of variation was assessed by comparing behavioural traits between and within 

Heterorhabditis isolates. Aggregation and arrestment are host related and there is little 

variation in Heterorhabditis for these traits. There is phenotypic variation in the proportion 

infectious nematodes. The most promising option to enhance control of O. sulcatus by 

Heterorhabditis at low temperatures is, therefore, to improve production and storage 

conditions to increase and stabilize the proportion infectious nematodes. 

key-words: Otiorhynchus sulcatus, Heterorhabditis spp., insect parasitic nematode, 

biological control, low temperatures 
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Chapter 1 

General introduction 

Black vine weevil, Otiorhynchus sulcatus: injury, damage and control 

Larvae of the black vine weevil, Otiorhynchus sulcatus F., and related species of 

Otiorhynchus are causing major problems to growers of soft fruits, ornamentals, nursery 

stock vines and hops, throughout the temperate zone. Over the past few decades, damaging 

infestation levels with O. sulcatus have become more common, probably due to changes in 

cropping system (intensification) and the abandonment of persistent pesticides, such as aldrin 

and dieldrin (e.g. Klingler, 1959; Zimmerman and Simons, 1986; Moorhouse et al, 1992). In 

the Netherlands, O. sulcatus is one of the major pests in nursery stock and ornamentals. Adult 

weevils cause cosmetic injury to the leaves. The most important damage, however, is caused 

by the larvae, which feed on the roots, starting on fine roots and progressing to coarse roots 

and stems. Reduction of the root system, girdling or stripping of coarse roots and boring of 

larvae into the stem, result in lower production and unsalable products. Plant characteristics 

affect injury and damage, e.g. shape and size of the root system, and the ability of the plants 

to recover from injury by vegetative growth, as does the culture system, temperature and soil 

olume. Economic injury levels have been estimated for some crops, but it is unfeasible to 

determine them for all, because many (small) crops are involved. 

The adult females of O. sulcatus reproduce parthenogenetically and oviposit from 

May - June to the second half of September (Figure 1.1), when temperature drops below 11 

°C. During this period, a female can lay several hundreds of eggs (Evenhuis, 1978). The eggs 

hatch when temperatures are above 6 °C. Early instars are present during summer, while late 

instars are present during autumn, winter and spring. Under Dutch conditions, the majority of 

the insects overwinters as larvae (Evenhuis, 1978), while a small proportion overwinters as 

adults or inactive pre-pupae. During winter, development is retarded, but not stopped. Late 

instar larvae (stage 6 - 7 ) cause most feeding injury, especially in spring, when the 

overwintering larvae resume feeding ( 2 - 6 °C). Adults appear from May onward (Klingler, 

1959; Moorhouse et al., 1992). They start laying eggs after a pre-oviposition period of several 

weeks. 

The most effective strategy for preventing damage is preventive spraying against the 

adults. It is difficult to control adult O. sulcatus with chemical pesticides because they hide 

during daytime. Larvae can be controlled either preventively or curatively (Moorhouse et al, 
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Figure 1.1. Life cycle of O. sulcatus: 1, eggs; 2, young larvae (larval stage 1 - 5); 3, older larvae 
(larval stage 5 - 7); 4, pupae; 5, adults. 

1992). For preventive control of the larvae a persistent insecticide is mixed through the soil 

before the start of a crop. The most effective preventive pesticides, aldrin and dieldrin, have 

been banned, because of their persistence. They accumulate in the soil and contaminate 

ground- and surface water. New or better preventive pesticides are not expected on the short 

term, because it is difficult to recover the expenses for registration of new pesticides in small 

crops. For curative control of the larvae, a fast-working, well-penetrating insecticide is 

applied as a spray or drench to the soil during the crop. Timing is important here because the 

curative pesticides have limited persistence. When applied during summer, they will not kill 

later appearing larvae; oviposition continues until the second half of September. Early instar 

larvae are not a target for curative control, because they do not cause much injury, they are 

difficult to monitor, and natural mortality of the early instars can be high anyway as a result 

of competition or unfavourable conditions (60 - 94%). Therefore, curative control usually 

aims at the late instar larvae in autumn (September - November) and spring (March - May). 

On an estimated total area in the Netherlands of 3000 ha field nursery and 750 ha 

nursery stock in containers, approximately 3.3 million Dutch guilders were spent in 1996 on 

chemical pesticides for control of black vine weevil. The largest part (approximately 2.4 

million guilders) was used for control of the larvae (Van Tol, pers. comm., based on Ministry 

of Agriculture, Nature Management and Fisheries, 1990). The situation is similar in most 

other North West European countries. For example, injury by O. sulcatus was reported on 

96% of the nurseries in Schleswig-Holstein and Lower Saxony in Germany (1800 ha). 

Control was carried out on 90% of the nurseries; 78% of the nurseries used repeated chemical 

treatment (Reibnitz et al, 1993). 

Growers tend to control O. sulcatus whenever it is reported because the pest is so 

difficult to control, because monitoring is difficult, because damage may occur unnoticed for 

a long time, and because they want to prevent the build up of the pest population over the 



years. As a result, chemical usage and dependency is high. The multi-year crop protection 

plan (Ministry of Agriculture, Nature Management and Fisheries, 1990) sets out to break and 

reverse this trend. Improved pest monitoring and biocontrol options are the most promising 

means to this end. 

Biological control of O. sulcatus by means of Heterorhabditis 

Insect parasitic nematodes, also referred to as entomopathogenic nematodes, of the genera 

Steinemema Travassos and Heterorhabditis Poinar, are frequently used to control black vine 

weevil larvae. They are very effective when temperature is above 12 -13 °C, as is the case in 

greenhouses, pots and containers. The nematodes possess several attributes that make them 

better suited for control of soil pests than chemical pesticides. They are mobile in the soil and 

search for their hosts, kill them fast, and they are harmless to non-insects (Kaya, 1985). 

Furthermore, they can be mass-produced at relatively low cost, and they are relatively easy to 

apply in the field. The nematodes are mainly applied as an inundative treatment against the 

larvae by applying large numbers for immediate control, as a biological pesticide. This is 

because ornamentals and crops in nurseries generally last a single season. Long-lasting 

regulation of the pest and reproduction of the nematodes in the field (inoculative control) are 

not necessary, although nematodes may reproduce in insect cadavers. 

The largest part of the nematodes life cycle takes place inside the insect (cadaver). 

The third stage juvenile (J3) is the only stage that occurs outside the host and that is adapted 

to long term survival in the soil. During their stay in the soil the J3 juveniles do not feed and 

survive on internal food stores. It is capable of moving in the soil and penetrating new hosts. 

After penetration the juveniles develop into adults and two generations later new J3 juveniles 

are produced that leave the cadaver in search of new hosts. The main difference between 

Heterorhabditis and Steinemema, with respect to life cycle, is that in Heterorhabditis the first 

generation adults are hermaphrodites and the second generation amphimictic males and 

females, while in Steinemema both generations are amphimictic males and females. 

Although there is a considerable overlap in characteristics between isolates of 

Steinemema and Heterorhabditis, Heterorhabditis is preferred for black vine weevil control. 

Isolates of this genus tend to be more pathogenic to the larvae than Steinemema (e.g. 

Rutherford et al, 1987; Van Tol, 1993), they are more effective against early instars (Georgis 

and Poinar, 1984), and they are more mobile, making them more suitable as a curative means. 

Despite the advantages of Heterorhabditis, isolates of Steinemema are sometimes used for 

black vine weevil control due to the poor availability of Heterorhabditis based products on 
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the market. Steinernematids are more easily produced in fermentors and they can be stored 

for longer periods. In this study attention is focused on Hetervrhabditis. 

The presently available isolates of insect parasitic nematodes are ineffective when soil 

temperature is below 12 - 13 °C (e.g. Simons and Van der Schaaf, 1986; Rutherford et al, 

1987; Van Tol, 1993). Soil temperatures may vary between 5 and 15 °C during Dutch autumn 

and spring, when effective biocontrol is required to prevent injury by the larger larvae that are 

present during these periods of the year. Consequently, there is only a narrow temperature 

and time window for control of black vine weevil larvae in the open field. Due to the 

temperature dependence, the level of control in the field is unpredictable and frequently 

insufficient. To strengthen the basis of integrated pest management (IPM) in nurseries and to 

further reduce pesticide usage, it is essential that the performance of the insect parasitic 

nematodes at low temperatures is improved. A reduction of the threshold temperature for 

activity from 12 - 13 °C to 9 °C would be sufficient for black vine weevil control in the open, 

because temperatures in the critical periods are 50% of the time or more above 9 °C (e.g. Van 

Tol, unpubl.; Simons and Van der Schaaf, 1986; Westerman and Van Zeeland, 1989). 

Problem definition and research objectives 

A chain of events has to take place before the insect host is successfully penetrated and killed 

by the nematodes. After application the J3 larvae of the nematodes have to move into the soil, 

locate the hosts, and penetrate them. Penetration takes place either directly via soft spots in 

the integument or through natural openings such as stigmata, mouth and anus, followed by 

penetration of the wall of the intestine. Next, they release insect pathogenic bacteria, 

Xenorhabdus Thomas and Poinar (Steinernema spp. or Photorhabdus Boemare, Akhurst and 

Mourant {Heterorhabditis spp.) from their intestine into the haemocoel. When enough 

bacteria have been introduced in the haemocoel, they will kill the insect host, usually in a few 

days after release. 

It is not clear why control is poor at low temperatures. Target species is an important 

factor in the biocontrol success of nematodes. The larvae of O. sulcatus are more difficult to 

kill by the nematodes than other insect species, such as Galleria mellonella (L.) (e.g. Bedding 

et al, 1983). Temperature is another important factor. Effects of temperature on efficacy and 

behaviour of the nematodes have been documented in many studies (for review see: Griffin, 

1993), but these relationships were mainly descriptive. They do not identify which effect(s) is 

(are) most limiting for black vine weevil control. It is difficult to predict the influence of 

temperature and other factors on insect mortality by the nematodes, because it is unknown 



what happens to the nematodes in quantitative sense between application and insect death. 

Temperature will affect any of these processes although sensitivity to temperature may differ 

between processes. 

Given the variation among isolates of Heterorhabditis spp. and Steinernema spp. in 

their efficacy at low temperatures (e.g. Simons and Van der Schaaf, 1986) and their ability to 

kill O. sulcatus (e.g. Bedding et al. 1983), it is very well possible that more effective isolates 

exist or can be reared. A number of potentially cold effective isolates, mainly 

steinernematids, have been identified (e.g. Wright and Jackson, 1988), although 

understanding of why they are more cold effective is lacking. A proportion of the observed 

variation may not have a genetic basis, but is induced during pre-treatment of the nematodes 

(e.g. via size, stored energy reserves, conditioning and acclimation). The resulting variation 

in behaviour has an environmental basis. This will make it difficult to identify or select more 

cold effective nematode genotypes. 

The objective of this study is to highlight possibilities for improving biological 

control of O. sulcatus with Heterorhabditis at low soil temperatures, i.e. to identify nematode 

traits and strategies that can best be used for improvement. To assess whether performance of 

the nematodes at low temperatures can be improved, the relationship between nematode dose 

and insect mortality has to be defined quantitatively, as well as the impact of temperature on 

this relationship. Possible strategies are screening for more appropriate nematode species or 

isolates, selective breeding, improving production and storage conditions, or defining or 

controlling environmental conditions after nematode application. A systems analytical 

approach was followed comprising three steps: 

1) gaining insight into and quantifying the processes that lead to infection and death of 

insects by Heterorhabditis spp.; 

2) constructing a simulation model that integrates the results at the process level, such that 

the observations at the systems level can be explained; 

3) use the model to explore possibilities at the systems level. 

Research approach and thesis outline 

Much effort was put into understanding how processes underlying biocontrol work and which 

factors contribute to success or failure at low temperature. Experiments were carried out at 

the population level to quantitatively describe the behavioural processes that lead to insect 

infection and death. The available knowledge on the processes was integrated to construct a 

model, using the state variable approach (e.g. Rabbinge et al, 1989). Sensitivity analysis was 



used to identify the most influential parameters for infection at low temperatures. Sensitivity 

was compared with the available genetic and environmental variation. Once the major 

processes and factors contributing to the biological control of O. sulcatus and sensitive to low 

temperatures were identified a strategy for enhancement could be selected. 

Experimental work was carried out for three purposes: 1) to understand and quantify 

the behavioural processes that lead to insect infection and death; 2) to quantify the impact of 

host species and temperature on these processes; and 3) to quantify genetic and 

environmental variation in Heterorhabditis. The influence of temperature on nematode 

behaviour was tested by using low (9 °C) and high (20 °C) temperature conditions during the 

experiments. The influence of host species was tested by comparing the behaviour of 

Heterorhabditis in the presence of O. sulcatus larvae with that in the presence of larvae of the 

highly susceptible lepidopteran larvae of Galleria mellonella (L.) (occasionally Spodoptera 

exigua (Hb.) or Agrotis segetum Schiff.). The amount of genetic and environmental variation 

in behavioural traits was assessed by comparing the behaviour of nematodes between isolates 

and within isolates. Experiments were conducted under simplified laboratory conditions 

compared to the field situation, to avoid interference with factors other than temperature, e.g. 

soil type, moisture content, micro fauna of the soil. All experiments were carried out in 

sieved, sterile sand of known particle size (approximately 72% 180 - 300 urn, 21% 300 - 425 

Urn) and moisture content (8% w/w), in petri-dishes (25 ml, 0 5 cm; penetration and 

aggregation in the host) or vertical columns (9 cm high, 0 4.5 cm; movement and host 

attraction). Unless stated otherwise, nematode batches were used within two months from 

extraction from the insect cadaver, to avoid problems with deteriorating nematode quality. 

Experimental work on the process level is presented in Chapters 2 to 5. The 

distribution of various nematode isolates over the sand column (e.g. Georgis and Poinar, 

1983c) in the course of time was used to describe movement and host attraction at 20 °C 

(Chapter 2) and 9 °C (Chapter 3), and to evaluate genetic and environmental variation for 

these traits. The behaviour of the nematodes in the sand columns in the time series was 

quantified using the dynamic simulation and calibration software package SENECA. 

Description of movement and host attraction was gradually improved by subsequently 

altering assumptions with respect to nematode movement, altering the corresponding model 

structure, calibrating parameters, and evaluating the goodness of fit of the model to the 

observations (Chapter 6). Nematode movement was expressed in the proportion immobile 

nematodes and the speed of movement, and the description of host attraction required the 

additional characteristic arrestment. In Chapter 4, the penetration process was studied and 



quantified by two parameters, the proportion infectious nematodes and the rate of penetration. 

Variation in the proportion infectious nematodes was assessed between and within nematode 

isolates, in the presence of the various insect species, and at low and high temperatures. The 

same data were used to assess the degree of aggregation of penetrated nematodes among the 

hosts (Chapter 5). The degree of aggregation, quantified by the parameter k of the negative 

binomial distribution, was estimated. It was used to describe the relationship between 

infection pressure (the mean number of penetrated nematodes per insect) and the proportion 

killed insects in a population. The processes characterized in Chapters 2 to 5 were used to 

develop a model in the simulation language FST (Rappoldt and Van Kraalingen, 1996) that 

simulated the dynamics of a nematode population in time and space from the moment of 

nematode application on the surface of a sand column until penetration into the host. It 

quantitatively relates nematode dose to insect infection and mortality. Due to its mechanistic 

nature, the model provided insight in the relative importance of variables and the impact of 

changing conditions on insect mortality. This information was used for a feasibility study to 

explore options for enhancing biological control of O. sulcatus at low temperatures (Chapter 

6). Finally in the last chapter (Chapter 7), some problems and decisions during the study are 

discussed, as well as the approach, and the significance of this thesis to research and practice. 



Chapter 2 

Comparative vertical migration of twenty one isolates of 

the insect parasitic nematode Heterorhabditis spp. 

in sand at 20 °C 

Abstract Twenty one heterorhabditid isolates, most likely belonging to six taxonomie groups and 

originating from ten countries, were tested for downward migration in 9 cm vertical sand columns at 20 CC 

with or without a larva of the greater wax moth, Galleria mellonella, at the bottom. The fractions of 

nematodes in the top layer (1.5 cm), middle section (6 cm) and bottom layer (1.5 cm) of the columns were 

determined at intervals during 8 h and occasionally at 48 h. All isolates except Heterorhabditis zealandica 

NZH3 migrated better than isolates of H. bacteriophora. Differences in migration were congruent with 

putative taxonomie groups within the genus. In most cases, the presence of a G. mellonella larva increased the 

downward movement. Nematodes of the North West European isolates were the most mobile, however, 

migration varied between batches of the same isolate. In the presence of G mellonella, 95% to 99% of the 

nematodes of a number of Dutch isolates left the top layer of the sand column and were recovered from the 

bottom layer 6 h later. 

Introduction 

Insect parasitic nematodes of the genus Heterorhabditis Poinar are used commercially in The 

Netherlands and other North West European countries for control of the black vine weevil, 

Otiorhynchus sulcatus F., in indoor ornamentals. The larvae of this weevil cause serious 

damage to the root system and base of the plants. The insect parasitic nematodes, which 

naturally inhabit the soil, favour a dark and moist environment and are eminently suited for 

control of this type of soil-dwelling pest. 

The normal practice in horticulture is to apply nematodes to the soil surface as a 

curative biological insecticide. Quick movement of the nematodes into the soil is necessary to 

escape solar radiation and desiccation (Gaugler, 1988). Since the nematodes search actively 

for their hosts, their use for controlling soil-borne insects has an advantage over chemical 

pesticides whose contact with the insect depends on diffusion, water percolation or insect 

movement. However, application of insect parasitic nematodes must result in high levels of 

parasitism even when the host insects are scarce in order to be economically attractive. This 

makes exacting demands on the ability of the nematodes to search for and reach the host. A 

high host searching ability is generally regarded as the prime requisite of an effective natural 



enemy (Doutt and DeBach, 1964). Westerman and Stapel (1992) found that migration of the 

Dutch heterorhabditid HFr86 was related to the degree of efficacy against the black vine 

weevil. No data are available yet to allow extrapolation of this relationship to other 

heterorhabditid species and isolates. 

In the present study, downward movement by twenty one Heterorhabditis isolates 

originating from ten countries, including a large number of isolates from NW Europe (the 

Netherlands, U.K., Germany and Ireland), were measured in sand columns at 20 °C in the 

presence and absence of a larva of the greater wax moth, Galleria mellonella (L.). 

Materials and methods 

Nematode cultures 

The isolates of Heterorhabditis tested (Table 1.1) were grouped according to their currently 

proposed taxonomie status (Smits et al, 1991; Dix et al., 1992; Joyce et al, 1994a; 1994b). 

All nematodes were propagated on G. mellonella at 20 °C and harvested in modified White 

traps (Poinar, 1975). Nematode suspensions were cleaned by decanting and adding fresh tap 

water, after which the nematodes were allowed to migrate overnight through a cotton-wool 

filter into a water film below. The infective juveniles were stored in 500 ml water in 1 1 

bottles in a dark cold room at 4 - 5 °C under constant aeration with sterile-filtered air. Eight 

isolates (Bl, NCI, V16, HDa, HP88, HI82, NZH3 and M198), however, were stored at 9 - 12 

°C, because 4 - 5 °C proved lethal to them (Westerman, unpubl.). Three days before the 

beginning of the experiments the nematodes were transferred to 20 °C to let them adjust to the 

test temperature. 

Migration 

Nematode migration was assessed in 9 cm high PVC cylinders (diam. 4.5 cm), made 

of six, 1.5 cm rings, connected with adhesive tape. The bottom of the cylinder consisted of a 

petri-dish (5.5 cm diam.) fixed to the bottom ring with synthetic modelling clay. The cylinders 

were filled with fine sterile sand (particle size; 72% 180 - 300 mm, 21% 300 - 425 mm), 

moistened with demineralized water (8% w/w), and kept at 20 °C. Immediately after 

preparation, cylinders with and without a last instar larva of G. mellonella at the bottom, were 

inoculated on top with approximately 2000 living nematodes in 0.5 ml water and covered with 

a petri-dish lid. After 2 - 8 h or 48 h at 20 °C the rings were separated and the sand of each 

ring was rinsed in 50 ml water. The number of nematodes in ring 1, rings 2 - 5 and ring 6 were 
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Table 1.1. Origin of the nematode isolates. 

Isolate 

H. zealandica 

H. bacteriophora 
NCI 
V16 
Hda 

HP88 
HI82 

H. megidis 

Code 

NZH3 

Bl 
NCI 
V16 
HDa 

HP88 
HI82 

HOI 

Location 

Auckland, New Zealand 

Brecon, South Australia 
Clayton, NC, USA 
Geelong, Victoria, Australia 
Darmstadt, Germany 

Logan, Utah, USA 
Italy 

Ohio, USA 

Source * 

Akhurst 

Kaya, Smits 
Burnell, Brooks 
Burnell, Brooks 
Ehlers, Bathon 

Glazer 
Deseö 

Akhurst, Griffin 

Heterorhabditis 
(Irish group) 
IRL-H-K122 
IRL-H-M145 
IRL-H-M198 

Heterorhabditis 

sp. 

sp. 
(NW European group) 
NL-H-W79 
NL-H-L81 
NL-H-F85 
NL-H-Fr86 
NL-H-Nb87 
NL-H-B87.1 
NL-H-E87.3 
UK-H-UK211 
D-H-HSH 
USSR-H-Kem 

K122 
M145 
M198 

HW79 
HL81 
HF85 
HFr86 
HNb87 
HBl'87 
HE87 
HUK211 
HSH 
Hkem 

Wexford, Ireland 
Wexford, Ireland 
Cork, Ireland 

Wageningen, The Netherlands 
Limburg, The Netherlands 
Flevoland, The Netherlands 
Friesland, The Netherlands 
N-Brabant, The Netherlands 
Bergeyk, The Netherlands 
Eindhoven, The Netherlands 
United Kingdom 
Schleswig Holstein, Germany 
Kemerovo, Siberia, Russia 

Griffin 
Griffin 
Griffin 

Vlug 
Galle 
Simons, Van Zeeland 
Simons, Van Zeeland 
Simons, Van Zeeland 
Smits 
Smits 
Rodgers 
Ehlers 
Wijbenga 

* R. Akhurst, CSIRO, Canberra, Australia; H.K. Kaya, Univ. California, Davis, USA; P.H. Smits and 
H. Vlug, Research Institute for Plant Protection, Wageningen, The Netherlands; A.M. Burnell and 
CT. Griffin, St. Patrick's College, Maynooth, Ireland; W.M. Brooks, NC State Univ., Raleigh, NC, 
USA; R.U. Ehlers, CA. Univ., Kiel, Germany; H. Bathon, Inst, biologische Schädlingsbekämpfung, 
Darmstadt, Germany; I. Glazer, The Volcani Center, Bet Dagan, Israel; K.V. Deseö, Univ. Bologna, 
Italy; F. Galle, De Groene Vlieg Company, Nieuwe Tonge, The Netherlands; W.R. Simons, M.G. 
van Zeeland, J. Wijbenga, Van Hall Instituut, Leeuwarden, The Netherlands; P.B. Rodgers, 
Agricultural Genetics Company Ltd, Cambridge, UK. 

determined by counting the nematodes in four samples of 3 ml of the rinse water. Fifty to 

60% of the applied nematodes were recovered, except after a period of 48 h when only 20 to 

40% were recovered. The percentage of nematodes in each layer was calculated, based on the 
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number of recovered nematodes per cylinder. Nematodes found in a ring were considered to 

have moved halfway through the ring. Accordingly, migration was defined here as the 

average distance migrated: 

0.75 x Rt + 4.5 x R2.5 + 8.25 x 1^ 
migration = [cm] (2.1) 

R, + R2.5 + R6 

where Rb R2.5, and Rs are the numbers of nematodes recovered at 4 h in ring 1, rings 2 - 5 , 

and ring 6, respectively. Migration and the average migration rate at 4 h (migration/4 [cm/h]) 

were used to compare migration and rates of migration among isolates and different batches 

of isolates tested. 

Five isolates (H. zealandica NZH3, H. bacteriophora BI, NCI, VI6, and HDa) were 

tested at both a 4 h and 48 h incubation period and were inoculated on the same date with the 

same batch of nematodes. The batch of HDa was also used in the time series (see below). 

Five more isolates (HI82, HW79, HSH, HKem and M198) were tested at a 4 h incubation 

period only; Ml98 was tested twice using different batches. All other isolates, including HDa 

and batches of NZH3, and Bl, were tested in a time series of 2, 4, 6 and 8 h in two to four 

replicates, with the exception of HL81 and HFr86 (which were tested hourly from 2 to 7 h), 

and HF85 and Bl (which were not tested at a 2 h period). Of these isolates HF85 and Bl, 

HL81 and HFr86, HI82 and HW79, and HDa and HE87 were tested in pairs on the same date. 

Additional data on migration at 4 h of HF85, HUK211, and K122 were obtained from 

experiments conducted for other purposes (partly obtained from K. Jung). 

Migration data from the time series were analysed separately for each batch on effects 

of incubation time and of the absence and presence of the host using linear regression 

analysis. Standard errors of the mean (S.E.) were calculated about migration at 4 h to permit 

comparison among isolates. % - test was used to check for uniform distributions of 

nematodes in cylinders without G mellonella. 

After completion of the experiments the G. mellonella larvae from the cylinders were 

usually kept at 20 °C for another 3 - 4 days and checked for parasitism. Parasitized larvae 

were recognized by the characteristic colour change induced by the symbiotic bacteria. 

Occasionally dead larvae were opened after 6 -7 days under a dissection microscope to count 

the number of hermaphrodite nematodes in the cadaver (done for NZH3, HDa, HP88, K122, 

M145, HOI, HUK211 and HE87 in the time series, and NZH3, Bl, NCI, V16 and HDa at 

both 4 h and 48 h). The numbers of nematodes recovered from the insects were usually small 

(< 35 per insect at 8 h) compared to the total numbers recovered (1000 - 1200) and were not 
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included in calculations of the distance migrated, except for NZH3, Bl, NCI, V16 and HDa 

at the 48 h incubation period and for HE87 in the time series. 

Quality 

The experiments were performed in the course of several years (1990 - 1994), in which the 

influence of culturing, time and storage conditions on motility became gradually clear 

(Westerman, 1992; Westerman and Stapel, 1992). Therefore, from 1991 onwards, the visual 

appearance of the nematode batches was evaluated using two samples of approximately 300 

nematodes as described by Westerman and Stapel (1992) and, except where noted, only 

batches with a good visual appearance were used in experiments. Fourteen batches and six of 

the batches that were used in the additional migration experiments were subjected to this test 

(see Tables 2.2 and 2.3). Criteria used were mortality less than 5%, less than 5% exsheathed 

nematodes and less than 10% of the nematodes without ample food reserves. Occasionally 

these criteria were not met, particularly not in case the isolates were stored at 9 °C, viz. 

NZH3 (72% with ample food reserves and 32% exsheathed in the second batch), Bl (17% 

mortality, 76% with ample food reserves, 16% exsheathed in the second batch), NCI (12% 

exsheathed), V16 (81% with ample food reserves, 19% exsheathed), M198 (13% mortality, 

86% with ample food reserves in the first batch; 27% mortality, 71% with ample food 

reserves in the second batch), and both batches of HUK211 in the additional experiments 

(17% mortality in the first batch and 27% with ample food reserves and 12% exsheathed in 

the second batch). Percentage mortality was the only characteristic assessed for the first batch 

of H. zealandica NZH3 (53%). The time of storage from the onset of emergence from the 

host to the start of the experiments ranged from 10 to 62 days (average 28 days). 

Results 

H. zealandica NZH3 

In the time series 15% of the recovered NZH3 had migrated from the first layer in the 

absence of an insect at 8 h; 23% in the presence of G mellonella (Figure 2.1 A). Downward 

movement was very slow (0.22 - 0.25 cm/h at 4 h) and the first nematodes reached the 

bottom layer no earlier than 8 h (< 1% of the recovered nematodes). Both test insects at 8 h 

contained 2 hermaphrodites. Migration was not significantly increased by the presence of G. 

mellonella (e.g. Table 2.2). The other batch of NZH3 yielded similar results at both 4 h 

(Table 2.2) and 48 h (1.0 ± 0.0 cm (3c ± S.E.) without insect and 1.1 ±0.1 cm in the presence 

of G. mellonella). None of the test insects was parasitized. 
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H. bacteriophoraBl, NCI, VlóandHDa 

In the time series only 5% of the recovered Bl and 17% of HDa had dispersed from the first 

layer in the absence of an insect at 8 h; in the presence of G mellonella these percentages 

were 14% and 23%, respectively (Figures 2.IB and 2.1C). Downward movement was slow 

(0.20 - 0.25 cm/h at 4 h) and the first nematodes reached the bottom layer at 4 h (Bl) and 6 h 

(HDa). Migration of HDa seemed to increase at 6 h but this was not followed up at 8 h. At 8 

h 1% and 7% of the recovered Bl and HDa, respectively, were found in the bottom ring. Test 

insects exposed to HDa at 6 and 8 h contained negligible numbers of hermaphrodites (< 7 per 

insect). Migration was not significantly increased by the presence of G. mellonella for either 

isolate (P > 0.2). 

The nematodes of the other batch of Bl, tested at 4 h, migrated better than those used 

in the time series; 2% and 10% of the recovered nematodes was found in the bottom layer at 

4 h in cylinders without and with G. mellonella, respectively, resulting in higher distances 

migrated (Table 2.2). The mean distance migrated by NCI, VI6 and HDa at 4 h did not differ 

from that of either batch of Bl at 4 h (Table 2.2). Two and 5% of the recovered nematodes 

was found in the bottom layer for NCI and VI6, respectively. Test insects either survived 

exposure to the nematodes in sand columns (HDa and VI6) or they contained < 1 

hermaphrodite per insect (Bl and NCI). 

Data of the four isolates tested at 48 h were less reliable than those at 4 h since 

percentage recovery from the sand was low (20 - 40%). In the absence of G. mellonella 10, 

21,2 and 16 % of the nematodes were found in the bottom layer for Bl, NCI, VI6 and HDa, 

respectively (mean distances migrated (x ± S.E.) ; 2.0 ± 0.4 cm, 2.7 ± 0.2 cm, 1.2 ± 0.2 cm, 

and 2.5 ± 0.6 cm, respectively). Relatively high numbers of hermaphrodites were recovered 

from the insect cadavers (x ± S.E.) ; 45 ± 6, 281 ± 49, 144 ± 25, and 184 ± 58 for Bl, NCI, 

V16 and HDa, respectively, thus boosting the values for migration in these cylinders (2.8 ± 

0.2 cm, 4.0 ± 0.4 cm, 3.4 ± 0.3 cm and 2.9 ± 0.5 cm, respectively). 

HP88andHI82 

In the time series 53% and 68% of HP88 had left the top layer of sand at 8 h in the absence 

and presence of G. mellonella, respectively (Figure 2.ID). At the same time 4% and 33%, 

respectively, were found in the bottom layer. The nematodes moved slowly (0.3 - 0.5 cm/h at 

4 h). Ten hermaphrodites were recovered from the one insect killed at 6 h and one and two 

hermaphrodites from the two insects killed at 8 h. The mean distance covered by HP88 
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Figure 2.1. Percentage of recovered nematodes in the course of time in three sections of 9 cm high sand 
columns, in the absence (-) and presence (+) of a last instar of G. mellonella at the bottom of the 
cylinders, after application of approximately 2000 living heterorhabditid nematodes on top of the 
cylinders. A: H. zealandica NZH3; B: H. bacteriophora Bl; C: H. bacteriophora HDa; D: HP88; E: 
K122; F, M145. 
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Table 2.2. Migration (x ; average distance covered [cm]), with standard error of the mean (S.E.), at 
20 °C in 4 h of a number of (batches of) isolates of Heterorhabditis in a number of 9 cm sand 
columns (n) without (-) and with (+) a G. mellonella larva at the bottom. (For each isolate migration 
followed by different letters are significantly different from each other, P <, 0.05). 

H. zealandica NZH3 

H. bacteriophora 
Bl 
NCI 
V16 
Hda 

HP88 
HI82 

H. megidis HOI 

Heterorhabditis sp. 
(Irish group) 
K122 
M145 
M198 

Heterorhabditis sp. 
(NW European group) 
HW79 
HL81 
HF85 
HFr86 
HNb87 
HB1'87 
HE87 
HUK211 
HSH 
HKem 

n 

2 
3 

4 
3 
3 
3 
3 
3 
2 
3 

4 

2 
2 
3 
3 

3 
4 
3 
4 
4 
3 
3 
2 
3 
3 

*±S.E. 
(-) 

0.9 ±0.1 a 
1.1 ±0.2 a 

1.0 ±0.1 a 
1.6 ±0.2 a 
1.2 ±0.1 a 
1.0 ±0.0 a 
1.2 ±0.1 a 
1.4 ±0.2 a 
1.1 ±0.2 a 
2.0 ±0.3 a 

2.8 ±0.2 a 

2.5 ±0.1 a 
1.3 ±0.0 a 
1.7 ±0.2 a 
0.9 ±0.0 a 

1.9±0.1a 
3.0 ±0.2 a 
1.9 ±0.3 a 
2.7 ±0.1 a 
2.3 ±0.2 a 
2.3 ± 0.2 a 
2.3 ±0.1 a 
1.5 ±0.2 a 
3.1 ±0.3 a 
3.3 ±0.1 a 

x±S.E. 
(+) 

1.0 ±0.0 a ' 
0.9 ±0.1 a q'd 

0.8 iO .Oo ' 
2.5 ±0.1 a q'd 

1.9 ±0.1 a q,d 

1.7 ±0.2 a q'd 

2.1 ±0.1 a "'' 
2.1 ±0.2 a q'd 

2.1 ±0.8 a ' 
3.8 ±0.7 b q 

5.2 ± 0.5 b ' 

2.6 ± 0.4 a ' 
1.4 ±0.2 a ' 
4.2 ± 0.3 b q 

1.3 ±0.1 a q 

7.5 ± 0.3 b q 

7.7 ± 0.1 b ' 
6.7 ± 1.0 b ' 
6.7 ± 0.7 b ' 
7.0 ± 0.4 b q,t 

5.3 ± 0.6 b q,t 

5.2 ± 0.5 b q,t 

2.8 ±0.3 a ' 
7.0 ± 0.1 b q 

6.3 ± 0.6 b q 

q Batch subjected to evaluation of quality; 
data from time series, 4 h; 
batch also tested at 48 h (see text). 
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significantly increased in the presence of G. mellonella (P < 0.02) and in time (P < 0.05). 

Fewer nematodes of HI82 had left the top layer at 4 h (22 - 46%), but they moved at a higher 

rate (0.5 - 0.9 cm/h at 4 h), resulting in higher migration compared to HP88 (Table 2.2). 

The Irish isolates Ml 45, K122 and Ml 98 

In the time series only 34 - 45% of K122 and 20 - 21% of M145 had left the top layer at 8 h 

(Figure 2.IE and 2.IF), and nematodes moved slowly (0.6 cm/h and 0.3 cm/h at 4 h for K122 

and M145, respectively). The percentage of recovered nematodes that remained in the top 

layer stabilized at 60% for K122 and 80% for M145. At 8 h, 30% of K122 reached the 

bottom layer, compared with 8 - 11% for M145. Test insect exposed to K122 were killed 

from 4 h onwards and contained 1.5, 10 and 11 hermaphrodites per insect at 4, 6 and 8 h, 

respectively. Those exposed to M145 contained 7 ± 3 (x ± S.E.) hermaphrodites per insect at 

6 and 8 h. In the additional experiments, more nematodes of K122 had left the top layer at 4 h 

(52 - 86%), resulting in higher distances covered (Table 2.3). Migration of K122 was 

enhanced by the presence of G. mellonella, but only in the additional experiments (Table 

2.3). One batch of M198 dispersed better than the other two Irish isolates, but the other batch 

did not (Table 2.2). 

H. megidis HOI 

At 8 h, 59 and 68% of//, megidis HOI had left the top layer in the absence and presence of 

G. mellonella, respectively (Figure 2.2A). In the presence of G. mellonella, 59% of the 

recovered nematodes was found in the bottom layer. These nematodes moved relatively fast 

(1.3 cm/h). From 4 h onwards, all test insects were killed and contained equal numbers of 

hermaphrodites per insect (35 ±7 (x ± S.E.)). In the cylinders without G. mellonella, a more 

or less stable situation was reached at 4 h with 45% in the top layer, 40% in the middle part 

and 15%) in the bottom layer. HOI responded significantly to the presence of G. mellonella 

and to time (P < 0.002). 

The NW European isolates 

Migration of the six Dutch isolates and the British HUK211 in the time series resembled that 

of//, megidis HOI, but the fractions of nematodes leaving the first layer of sand at 8 h were 

much greater, except for HUK211 (Figures 2.2 and 2.3). Sixteen and 55% of HUK211 had 

left the top layer at 8 h in the absence and presence of G. mellonella, respectively 

(Figure2.2A). In the presence of G. mellonella virtually all nematodes (95 - 99%) of HL81, 
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Figure 2.2. Percentage of recovered nematodes in the course of time in three sections of 9 cm high sand 
columns or inside G. mellonella, in the absence (-) and presence (+) of a last instar of G. mellonella at 
the bottom of the cylinders, after application of approximately 2000 living heterorhabditid nematodes 
on top of the cylinders. A: H. megidis HOI; B: HUK211; C: HB1'87; D: HNb87; E: HF85; F: HE87. 
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n 

3 
3 
3 

3 
2 
2 
2 
2 
4 

3 
3 

x±S.E. 
(-) 

3.4 ±0.2 a 
2.5 ±0.2 a 
3.1 ±0.1 a 

3.7 ±0.1 a 
2.4 ± 0.2 a 
3.3 ±1.3 a 
2.6 ±0.5 a 
3.7 ±1.0 a 
3.1 ±0.2 a 

2.1 ±0.1 a 
2.8 ±0.2 a 

Table 2.3. Migration (x ; average distance covered [cm]), with standard error of the mean (S.E.), at 
20 °C in 4 h of a number of batches of three isolates of Heterorhabditis in a number of 9 cm sand 
columns («) without (-) and with (+) a G. mellonella larva at the bottom. (For each isolate migration 
data followed by different letters are significantly different from each other, P < 0.05). 

x ±S .E . 

(+) 

K122 3 3.4 ±0.2 a 5.1±0.2è*q 

HF85 3 2.5 ±0.2 a 5.7±0.16*q 

5.9±0.2 2>*q 

8.0±0.1è*q 

6.4 ± 0.5 b 
7.4 ±0.1 b 
7.5 ± 0.4 b 
7.1 ± 0.1 b 
6.6 ±0.4 b 

HTJK211 3 2.1 ±0.1 a 3.4 ±0.2 bq 

3.6±0.16q 

* Data obtained from K. Jung, Friesland College of Agriculture, Leeuwarden, The Netherlands 
q Subjected to evaluation of quality (see text). 

HF85, HFr86, and HNb87 left the first layer within 4 h and arrived in the bottom layer at 6 h. 

These nematodes moved fast (1.7 - 1.9 cm/h at 4 h). Since nematodes were already found in 

the bottom layer at 2 h, some individuals 'raced' through the cylinder at an average rate of 4.5 

cm/h. Test insects exposed to HE87 in the time series contained 3 ± 3, 58 ± 19, 256 ± 21 and 

337 ± 120 (x ± S.E.) hermaphrodites per insect at 2, 4, 6, and 8 h, respectively. Unfortunately 

only test insects exposed to HE87 were dissected. The fraction of recovered nematodes 

leaving the top layer in cylinders without G mellonella varied from 31% for HF 8 5 to 77% 

for HL81 and HFr86. Additional results on other batches of HF85 at 4 h demonstrated a 

considerable variation in migration (Table 2.3). Migration of the German HSH, the Russian 

HKem and the Dutch HW79 at 4 h was comparable to that of the other NW European isolates 

(Table 2.2). In the time series all Dutch isolates and HUK211 responded significantly to the 

presence of the host insect (P < 0.001). In fact, all except HF85, responded more than 

proportionally to G mellonella in the course of time (host x time interaction, P < 0.05). 

Variation in migration between experiments was assessed for isolates that were tested 

frequently. Variance of mean migration between experiments was generally larger than 

within experiments; e.g. 2.12 versus 0.90 for HF85 (n = 5), 3.44 versus 0.12 for K122 (« = 4), 
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Figure 2 J . Percentage of recovered nematodes in the course of time in three sections of 9 cm high sand 
columns, in the absence (-) and presence (+) of a last instar of G. mellonella at the bottom of the 
cylinders, after application of approximately 2000 living heterorhabditid nematodes on top of the 
cylinders. A: HL81; B: HFr86. 

and 1.34 versus 0.09 for HUK211 (« = 3). The isolates could be roughly ranked in order of 

descending migration at 4 h; NW European group (except HUK211) > H. megidis > Irish 

group > HP88, HI82, H. bacteriophora > H. zealandica. 

Uniform dispersal would result in a 1 : 4 : 1 ratio in the number of nematodes in the 

three layers of a cylinder. Although this distribution was never found (%2 - test, P < 0.05), the 

distributions of HL81 (1 : 2.3 : 1.2), HFr86 (1.1 : 2.3 : 1) and HNb87 (1.3 : 2.5 : 1) in the 

absence of G. mellonella came very near. However, relatively large proportions of the 
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nematodes were consistently recovered from both ends of the cylinder for these most rapidly 

migrating isolates. 

Discussion 

In N W Europe, O. sulcatus is an increasingly serious pest of nursery stock, ornamentals and 

soft fruit such as strawberries. Hanula (1993) demonstrated that a biological control agent 

must penetrate to depths of 15 cm to be 95% effective against larvae of O. sulcatus on field 

grown yews. Although the actual vertical distribution of larvae may vary with plant species, 

the above data illustrate the need for actively migrating nematodes if insect parasitic 

nematodes were to be applied for effective black vine weevil control. 

H. bacteriophora (syn. H. heliothidis; Poinar, 1990) and HP88, which are so far the 

only heterorhabditids included in studies on migration, generally outperformed 

steinernematids (e.g. Georgis and Poinar, 1983a; 1983b; 1983c; Alatorre-Rosas and Kaya, 

1990). However, the present study showed that most heterorhabditids tested in this study, 

except H. zealandica NZH3, outperformed H. bacteriophora in the ability to migrate through 

a sand column at 20 °C, both in the rate of migration and in the proportion of actively 

migrating nematodes. In fact, the four H. bacteriophora isolates used here, including the type 

strains Bl and NCI, migrated better than previously reported for H. bacteriophora or 

H. heliothidis in sandy loam (20 - 25 °C, five days; Georgis and Poinar, 1983c). Soil type, 

isolate or quality of the batch used may all partially explain the observed differences. 

Up to 99% of some of the heterorhabditids migrated when placed on a sand surface, 

contradicting Kaya's generalization (1990) that only a small proportion of steinernematid or 

heterorhabditid populations disperse when placed on the soil surface. Inactivity of a certain 

proportion of a population of nematodes is well documented among insect parasitic 

nematodes (Ishibashi and Kondo, 1990), and is assumed to be a survival strategy. When 

inactive, they can be stimulated to become active by various mechanical and chemical 

stimuli, such as C02 and other attractants from insects (Ishibashi and Kondo, 1990). In the 

present study, activation by substances released by G mellonella may have contributed to the 

increase in the percentage actively migrating nematodes that most isolates exhibited when 

G. mellonella was present (chemo-orthokinesis). 

Most heterorhabditid isolates tested here migrated at a higher rate 

than//, bacteriophora or H. zealandica: an 8 h period was generally sufficient to follow a 

large proportion of the population down to the bottom layer of the 9 cm sand column. The 

nematodes of most NW European isolates migrated at an incredible rate. The rapid downward 
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migration could not have resulted from passive movement caused by water drainage or 

gravity, because low water content (8%) in the sand did not allow water to drain. In fact, 

upward migration to a similar degree as downward migration has been obtained in identical 

cylinders when placed upside down (Westerman and Godthelp, 1991). Size of the nematodes 

in relation to particle size and the available pore space may also affect migration (Wallace, 

1958). Indeed, isolates with long infective juveniles (NW European group, Irish group, 

H. megidis) generally migrated more rapidly than isolates with short infectives (ƒƒ. 

bacteriophora, H. zealandicd). However, of the related isolates HP88 and HI82, which are 

both approximately the same size, the former had the highest percentage nematodes leaving 

the top layer, but the nematodes of the latter isolate migrated more rapidly. 

The rate of migration was doubled in the presence of G. mellonella for most isolates, 

which may have resulted from mechanisms such as Chemotaxis and chemo-klinokinesis. Lei 

etal. (1992) observed that the nematodes of H zealandica T327 moved randomly on agar 

dishes, but their movements became directed in the presence of puparia or larvae of the 

cabbage maggot, Delia radicum. Similarly, Gaugler et al. (1980) observed that on agar most 

individuals of a member of the related genus Steinernema carpocapsae oriented to a C02 

gradient. It is likely that the nematodes in this study mainly oriented to a concentration 

gradient of volatile chemicals since the duration of the experiment was short for the formation 

of a gradient of water-soluble host cues, except in case of the 48 h experiments. The presence 

of G mellonella corroborated the differences in migration between isolates without 

essentially altering the order. Lewis et al. (1992, 1993), who investigated the behaviour of 

steinernematids on an agar surface with respect to host searching strategies, predicted and 

found that species that moved in search of hosts, such as S. glaseri, would be more responsive 

to volatile host cues than species that adopted a 'sit-and-wait' strategy, such as 

S. carpocapsae. Heterorhabditid isolates of the NW European group were more active and 

responded much stronger to volatile cues of G. mellonella than H. bacteriophora or 

H. zealandica. H. bacteriophora and H. zealandica, although active searchers in comparison 

to most steinernematids, would be classified as 'sit-and-wait' strategists in comparison to 

isolates of the NW European group. Lewis et al. (1992) further suggested that these actively 

searching isolates may be better adapted for finding and parasitizing subterranean, sedentary 

insect larvae, such as O. sulcatus. 

Mean migration at 4 h, which was chosen to compare migration among all batches 

tested, was not determined at a stable situation but, for most isolates, during the course of 

rapid movement. In this way, laborious dissecting of insect cadavers could be avoided. 
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However, migration defined in this manner is bound to be variable as it is sensitive to factors 

that influence the rate of migration or the proportion of actively migrating nematodes, such as 

subtle changes in the particle size composition, pH, moisture content, solute concentrations, 

condition, size and attractiveness of the test insects, or condition of the nematodes. 

Nevertheless, migration of HF85 (NW European group) proved unaffected by, for instance, 

particle size (range 105 - 425 mm) or pH (range 3-10) of the sand (Westerman, unpubl.). 

Probably variation in migration between replicates of one isolate can mainly be attributed to 

differences between batches of the nematodes, due to production and storage conditions 

(Kaya, 1990), as was demonstrated for heterorhabditids by Westerman and Stapel (1992). 

Moreover, migration will only give an indication of the ability of a batch to migrate at that 

time. For example, Westerman and Stapel (1992) demonstrated that migration decreased with 

storage time of the batch used and Lei et al. (1992) observed that newly collected nematodes 

did not orient to host cues, whereas one month old nematodes did. 

Differences in mean migration were more or less congruent with putative taxonomie 

groups within the genus (Tables 2.2, 2.3). For example, isolates of the NW European group, 

with the exception of HUK211, exhibited almost identical courses of migration in time, 

distinct from those of the other groups. The behaviour of the related H. megidis and Irish 

isolates (Smits et al, 1991; Dix et al, 1992; Joyce et al, 1994a; 1994b) had the nearest 

resemblance to that of the NW European group. The migration curves of the isolates of 

H. bacteriophora seem to differ from those of the taxonomically different, but closely related, 

isolate HP88 and H. zealandica (Dix et al, 1992; Joyce et al, 1994a; 1994b). 

Since conditions may have been nearly optimal for migration, the results of this study 

only give an indication of the migration potential of the isolates examined. Migration and 

host searching in natural soils will depend on many other factors, such as the distribution and 

attractiveness of the target insect, soil texture, moisture and particle size composition, the 

presence and density of root systems and soil temperature. For example, larvae of O. sulcatus 

were not attractive to some NW European heterorhabditids (Westerman and Godthelp, 1991). 

Furthermore, migration of NW European heterorhabditids is seriously impaired in humous 

soils (Westerman, unpubl.). Shape and size of the root system of the plant will not only 

influence the distribution of target insects but may also influence migration and host finding 

of nematodes as was demonstrated by Choo et al (1989) and Choo and Kaya (1991). 

Although dense roots reduced infectivity of H. bacteriophora NCI in sandy soils, sparse 

roots increased nematode infectivity in humous soils. Twenty °C, as chosen in this study, 

might be close to optimal for application to indoor ornamentals. Outdoors, however, soil 
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