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1. Introduction

The development of resistance to chemical insecticides is one of the driving forces for change
in insect pest management. At present, the increasing number of resistant insects is
outstripping the development of new insecticides. The number of registrations of new
compounds is slowing down due to regulatory policy. Governments today demand
environmentally safe chemicals with low toxicity and short-term persistence, low mobility to
avoid ground water contamination and limited effects on non-target organisms. These
prerequisites have reduced the chances of finding new, effective insecticides and have
dramatically increased the costs for the development of new compounds, especially costs
related to toxicology and safety research (Ehlers, 1996). For the chemical control of soil-
borne insect pests, this situation is without remedy and is augmented by reports of failures
with traditional soil insecticides (e.g. Racke and Coats, 1990). In comparison with the
phylloplane, the conditions in soil present major problems for chemical control. Insects often
occur deep in the soil. To reach them, a chemical compound must leach with the soil water,
which increases the probability of groundwater contamination. Mineral and organic soil
particles are of infinite surface area and agricultural soils contain a diversity of micro-
organisms. Due to absorption to soil particles and/or biodegradation by soil organisms,
successful control can only be achieved by using highly toxic and long term persistent
chemicals. Compounds with these characteristics will hardly meet regulatory requirements.
Moreover, residues of insecticides have a negative effect on the environment as well. Many
insecticides kill natural enemies of insects. Consequently, the conditions set for the
development of effective soil insecticides contradict the objectives of modern regulatory
policy. The registration of new chemicals for the control of soil insects is improbable, as the
requirements have become almost insuperable. Therefore, the development and implement of
alternative control strategies are needed. One important alternative control measure providing
environmentally friendly and sustainable plant protection is biological control. Insect control
can no longer rely on insecticides alone, and the significance of biological control agents as
part of integrated pest management programmes will increase continuously in the future.
Biological control offers a tremendous opportunity to supply agriculture with effective tools
for the development of production techniques, which minimise impacts on human health and
the environment (Ehlers, 1996). The success of biological control, however, will also depend
on the understanding of adaptation and establishment of introduced biological control agents

in agricultural ecosystems.



Entomopathogenic nematodes: Besides microbial pathogens and arthropod biocontrol agents
of pest insects, entomopathogenic nematodes (EPNs) have been successfully used in
agricultural systems. Like parasitoids or predators, EPNs have chemoreceptors and are motile.
Like pathogens, they are highly virulent, killing their hosts quickly and they can be cultured
easily in vivo or in vitro (Ehlers, 2001). In addition to above attributes, they are safe to most
non-target organisms and to the environment. No evidence exists for a mammalian
pathogenicity (Ehlers and Peters, 1995; Boemare et al., 1996; Ehlers and Hokkanen, 1996).
There are also no difficulties to apply EPNs as they are easily sprayed using standard
equipment and can be combined with almost all chemical control compounds (Georgis and
Mamweiler, 1994; Georgis and Kaya, 1998). EPNs have been used against many different
pests in the soil, in cryptic habitats and on the foliage (Begley, 1990). Soil is the natural
reservoir of EPNs (Akhurst, 1986; Gaugler, 1988) offering excellent conditions for nematode
survival and activity. The opportunity to use EPN is promising more than 90% of insect pests
spend part of their life cycle in the soil. The use of EPNs for biocontrol began only in the
early 1980s and involved a step-by-step scientific and technical development. Mass
production of the nematodes played a key role in the commercially development of insect

pests control with nematodes (Ehlers, 2001).

EPNs are known since 1923 when Steiner identified the species, Aplectana kraussei. Then,
Glaser and Fox (1930) found a nematode infecting grubs of the Japanese beetle, Popillia
Jjaponica at the Tavistock Golf Course near Haddonfield, New Jersey, USA. This nematode
was described by Steiner as Neoplactana (=Steinernema) glaseri (Steiner, 1929). Later,
Glaser and his colleagues propagated sufficient amounts of the species for field trials. The
species was applied in 1930s in 73 different field plots to control Popillia japonica. A new
genus Heterorhabditis was described by Poinar (1975) in the family Heterorhabditidae. The
family is very similar with the family Steinernematidae. Currently, 48 species of EPNs have

been described from all over the world (Hominick, 2002).

Biology and life cycles of the entomopathogenic nematodes: EPNs that belong to both
genera (Heterorhabditis and Steinernema) have several developmental stages, which are eggs,
four juvenile stages (J1-J4) and the adult stage. Their life cycle consists of a free-living phase
of the infective juvenile (IJ), also called dauer juvenile (DJ), occurring in the soil and the
propagative phase, which occurs inside of the insect host body. The term dauer (German word

for enduring) was introduced by Fuch (1915). The 1J stage is the 3 stage juvenile and it is



morphologically and physiologically adapted for long-term survival and formed as a response
to depleting food resource and adverse environmental conditions in the soil. The IJs are
morphologically distinct from propagative J3 stages (Johnigk and Ehlers, 1999). Due to their
ability to survive without food they can be used for insect control purposes. While moving
through the soil, IJs of genus Steinernema loose their J2 cuticle; 1Js of the genus
Heterorhabditis retain the J2 cuticle until they enter a host. IJs can survive extended periods
in the soil while waiting for the opportunity to infect a host. The IJs of Steinernema and
Heterorhabditis species are symbiotically associated with bacteria of the genera Xenorhabdus
and the bioluminescent Photorhabdus, respectively. Symbiotic bacteria of both genera are
motile and gram-negative, and belong to the family Enterobacteriaceae, within the gamma
subdivision of the purple bacteria (Ehlers et al. 1988; Forst and Clarke, 2002). An 1J carries
between 0 and 2000 cells of its symbiont bacterium in the anterior part of the intestine
(Spiridonov et al., 1991; Sturhan and Kreimeier, 1992; Endo and Nickle, 1994). Xenorhabdus
occurs naturally in a special intestinal vesicle of Steinernema 1Js (Bird and Akhurst, 1983),
while Photorhabdus is distributed in the foregut and midgut of Heterorhabditis 1Js (Boemare
et al., 1996). Typical for the symbionts of both genera is the phenomenon of phase variation,
two extremes that are the primer and the secondary phase (Akhurst, 1980). Intermediate
phases have been reported (Gerritsen and Smits, 1997). The primary phase is isolated from
the 1J or infected insects, whereas the secondary phase occurs either after in vitro subculturing
or in vivo, when the EPN emigrate from the cadaver (Grunder, 1997). Some strains of
Xenorhabdus and Photorhabdus are highly virulent. Infection with less than 10 bacterial cells
of the bacteria into the host insect haemocoel can be sufficient to kill a susceptible insect such
as Galleria mellonella or Manduca sexta L. (Forst et al., 1997; Ffrench Constant and Bowen,
2000). EPNs develop and reproduce in the insect and feed on the symbiotic biomass provided
by the bacteria.

Upon location of a potential host, the IJs move towards the host and penetrate into the insect
body via the mouth, anus, spiracles, or direct penetration through the cuticle. Once in the
insect cavity, symbiotic bacteria are released from the nematode gut, which multiply rapidly
in the haemolymph and causes insect death within 48 hours after penetration (Gotz et al.,
1981). The life cycle of Heterorhabditis is similar to that of steinernematids excepting for the
fact that the IJs always develop into self-reproducing hermaphrodites (Poinar, 1990). Strauch
et al. (1994) observed that offspring of the first generation hermaphrodites can either develop

into amphimictic adults or into automictic hermaphrodite; both can occur simultaneously (Fig.



1 and 2). The development into amphimictic adults is induced by favourable nutritional
conditions, whereas the development of hermaphrodites is induced by low concentrations of
nutrient. The life cycle is completed in a few days and thousands of new IJs emerge in
searching for new hosts. The cycle from entry of IJs into a host until emergence of new 1Js is
dependent on temperature and varies for different species and strains. It generally takes about
6-18 days at temperatures ranging from 18 to 28 °C in G. mellonella (Poinar, 1990; Nguyen
and Smart, 1992).
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Figure 1. Life cycle of Steinernema spp. (J1-J4: Juvenile stages; J2d: Pre-dauer juvenile) (Ehlers, 1996)
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Figure 2. Alternative development pathway of Heterorhabditis spp. either to amphimictic females and males or
via the pre-dauer stage (J2d) to automictic IJs and hermaphrodites (Strauch et al., 1994).




Persistence of entomopathogenic nematodes: Efficacy of applied EPNs relates closely to the
used strains or species and environmental and technical conditions, that no two situations are
identical or comparable. Factors of major importance are age and lipid reserves of 1Js. These
characteristics directly influence the ability of nematodes to survive a period of time without a
host and their ability to find and infect a host (Womersley, 1993). Many studies mainly in the
laboratories have tested the persistence of EPNs under various conditions in sterile soil. The
data generally indicated a survival of weeks rather than months and a gradual decline in the
numbers of living nematodes recovered. In some cases, however their infectivity potential,
however, does not follow the same pattern because at least some nematode individuals are
capable of entering a quiescent state and later become active again when conditions permit
host-finding activity (Fan and Hominick, 1991; Womersley, 1993). Behavioural adaptations
and phases of anhydrobiosis or quiescence (Womersley, 1993) will influence the pattern of
persistence. Nematodes developed strategies to survive adverse environmental conditions. In
a dormant stage, the quiescent (Glazer, 2002) their metabolism is lowered and a longer
persistence is possible. However, nematodes in this condition are not pathogen and only if the
environmental condition are favourable, they retain active and are able to penetrate into
insects. The quiescent stage can be induced by extreme temperatures, oxygen deficiency and

high salt content (Glazer, 2002).

After application nematodes rapidly disappear (Molyneux, 1985; Kung et al., 1991). But after
the rate of population decline slows down. Several factors such as soil type (Kung et al.,
1990a), humidity levels in soil (Kung et al., 1991), temperatures (Griffin, 1993; Grewal et al.,
1994) and soil pH (Kung et al., 1990b) affect the persistence and infectivity in soil. The
temperature tolerance of the IJs depends on their geographical origin. Extreme temperatures
are generally unfavourable for the persistence (Kaya, 1990). Nematodes with origin from
warmer areas survive better at higher temperatures, while nematodes with origin from cooler

regions survive better at cooler temperatures (Kaya, 1990; Curran, 1993; Griffin, 1993).

The long-term persistence of EPN population depends on their ability to find and infect host
and produce offspring. In addition to abiotic factors, some biotic factors in the soil have
influence on their persistence abilities. Biotic factors are natural enemies and intraspesific or
interspecific competition and the presence of host insects. Kaya (1990) identified the major

natural enemies as collembola, mites, nematophagous fungi, predatory nematodes and



microsprodia. Ishibashi and Kondo (1987) pointed out that nematodes have higher survival

rates in sterilised soil than in unsterilised soil.

Very little information is available on the natural hosts and host specificity of EPNs in nature.
Our understanding of EPN population dynamics over the seasons and their possible
synchronisation with host life cycles is also very limited (Smits, 1996). Nowadays, nearly all
investigations about persistence have shown a strong relationship with the soil environments.
No information is available about successful establishment EPNs and the increases their
persistence in agriculture ecosystems. In order to achieve sustainable effects with introduced
EPNs, the successful establishment and subsequent persistence in the agro-environment is of

major importance.

Objectives of the thesis: Two major strategies exist in biological control. Inundative release
of biocontrol agents follows the “bioinsecticide” strategy. The control agent is applied when
problems occur. Classical control introduces antagonists to achieve long-term effects. This
approach is often taken to regulate accidentally introduced pests. Today, EPN are only used
inundatively and the use is limited to high value crops like ornamentals, mushrooms,
vegetables and orchards (Grewal, Ehlers and Shapiro, in press). Little is known about the
impact of natural occurring EPN populations (Ehlers, 1998). Reports can be divided into
relatively balanced host-nematode associations and epizootics. A more balanced relation was
reported for S. kraussei and/or S. feltiae with the forest pest spruce webworm Cephalcia
abietis (Hymenoptera) with a cumulative annual control of 25% (Mracek, 1986; Eichhorn,
1988). Epizootics have been only reported with Heterorhabditis spp. reaching 71% control in
a sugarcane grub pest population (Akhurst et al., 1992).

One major reason why nematodes are only used in high value crops is the relatively high costs
related with the use of EPN. For instance, the application against the cabbage root fly Delia
radicum (Diptera: Anthonomyiidae) in oil seed rape would cost approximately 900 €/ha.
Although product costs are declining in the future (Ehlers, 2001), they are still too high to
consider the use of EPN in agriculture environments. However, reports on long-term effects
encourage the research to investigate the potential of EPN as antagonists also in large-scale
agriculture ecosystems. For example, if an establishment of S. feltiae in a field, which is in the

three year rotation wheat-barley-oil seed rape, have a stabilizing effect on the population of



the cabbage root fly, the one time application, maybe even at lower densities, would be cost

effective.

If this is attempted then information will be necessary to establish nematodes in agriculture
ecosystems and, if long-term effects are part of this strategy, information on the persistence

must be available.

Establishment of EPN was investigated in different outdoor crops by spraying H.
bacteriophora and assessing the influence of the time of application (March until July) and
the crop (e.g. wheat, field beans, meadow). Strawberries plastic mulch is often used to control
weeds. Then EPN cannot easily be applied to the soil surface. Therefore, dipping of plant

prior to planting was investigated as a potential method for establishment.

Persistence was investigated with H. bacteriophora and S. feltiae after spraying in different
field crops. The tests were carried out in conventional and organic farming systems between
2001 and 2004. Persistence of H. bacteriophora was assessed also in strawberries after
dipping of roots and the effect on the major strawberry pest, the Black Vine Weevil

Otiorhynchus sulcatus (Coleoptera: Curculionidae) was recorded.

H. bacteriophora is not commonly found in Germany. Sturhan (1996) reports only three
records and Ehlers (personal communication) has encountered this species only two times.
Thus it can be considered as an exotic species at the area of release. Although no major
negative impacts of EPN on the environment were reported (Ehlers and Hokkanen, 1996), the
question was raised by Barbarcheck and Millar (2000) whether introduced species can replace
indigenous species. In this study, we therefore recorded the occurrence of indigenous EPN
species was therefore recorded before and after the release of H. bacteriophora and EPN
isolates were identified by molecular analysis (PCR-RFLP) following the methods described
by Reid and Hominick (1998).

There is little or no understanding of the population dynamics of applied EPNs over the
seasons and of their possible synchronisation with host insect and/or crop in fields. Such
information is required to understand persistence and establishment of EPNs in agro-
ecosystems. Persistence is influenced by the crop and host insect. The long-term persistence

of EPN population depends on their ability to find and infect hosts and to produce offspring.



After several months, it can be questioned whether their infectivity is sufficient to enable
them entering and killing a host or not. The availably of suitable hosts every few months
seems to be a prerequisite for EPN populations to recycle and persist over longer period.
Therefore the occurrence of potential host insects was also recorded. Sitona lineatus L.
(Coleoptera: Curculionidae) and Delia radicum Bouche (Diptera: Anthomyiidae) were
frequently detected and therefore their potential to serve as hosts for the nematodes were
investigated. In these experiments data on the susceptibility of the insects as well as the

reproduction potential of the nematodes in these hosts were assessed.

In order to establish and persist, nematodes must be able to find their potential hosts. To get
information on the host finding ability of S. feltiae, their reaction to the pest D. radicum and
the plant oil-seed rape was monitored in Y-olfactometer apparatus at two different

temperatures.

Once nematodes are released it might be of interest whether a population which has been
propagated in 3,000 I bioreactors over several generations will be genetically stable or adapt
to the field condition. After one year nematodes recovered from the fields, they were therefore
examined if they had maintained their control potential and capability for reproduction,

pathogenicity and persistence.



2. Material and Methods

2.1. Media and Chemicals

e Galleria mellonella- medium (Wiesner, 1993)

Corn groats (polenta) 22%
Wheat flour (full com) 22%
Milk powder (skim-milk) 11%
Honey 11%
Glycerol 11%
Yeast powder (Brewer's beer yeast) 5.5%
Bee-wax 17.5%

¢ Ringer’s solution (Laboratory standard)

NaCl 9¢g

KCl 042 ¢
CaCl, x 2H,O 037¢g
NaHCOs3 02¢g
Aqua dest. 1,000 ml

e YS-medium (Dye, 1968)

Yeast extract (Merck) 50¢g
NaCl 50¢g
NH4H,PO4 05¢g
K>;HPO4 05¢g
MgSO4 x 7TH,0 02¢g
Aqua dest. 1,000 ml

2.2. Organisms

2.2.1. Insects

Galleria mellonella: The grater wax moth larva Galleria mellonella L. (Lepidoptera:
Galleridae) was used for nematode baiting and produce progeny of nematode isolates. The
insect culture was reared in 1,500 ml volume glass containers (11 cm diameter and 15 cm
height) at 30-32 °C on an artificial medium according to Wiesner (1993). The glass containers
were closed with filter paper and a metal screen. Females laid eggs on the filter paper from

where they were collected and transferred into fresh medium. The eggs hatched within 3-4
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days. Larvae were fed weekly. After 5-6 weeks, larvae reached the last instar and were
collected to be used in the experiments. Some larvae were left in the containers to pupate.

Two weeks later, the adult females emerged and laid eggs.

Preparation of the artificial medium: Mix honey, glycerol and yeast-powder at 80 °C until
mixture is homogenous. Melt bee-wax separately at 80 °C. Add cereals and milk powder to
the honey-glycerol-yeast mixture, then add melted bee-wax and mix ingredients, until

medium is almost homogenous.

Otiorhynchus sulcatus: The larvae of the Black Vine Weevil Otiorhynchus sulcatus F.
(Coleoptera: Curculionidae) were used in pot experiments to test efficacy and persistence of
H. bacteriophora and application by dipping of roots. The adults of the insect were collected
from park areas and strawberry fields in the federal state of Schleswig-Holstein (Germany)
and were also received from Dr. Reinhard Sol (Reinbek, Hamburg). The adult weevils were
reared on yew leaves, Taxus baccata L., in glass jars at a temperature of approximately 20-25
°C (Boff et al., 2002; van Tol, et al., 2001). The eggs collected from the jars were transferred
to strawberry plants, Fragaria vesca L. planted in pots. The young strawberry plants (cold
stored “Frigo” plant) were supplied by the company Kraege Beerenobst Spezialkulturen

(Delsener Heide, Telgte, Germany).

Delia radicum: The cabbage root fly larvae, Delia radicum Bouche (Diptera: Anthomyiidae)
were collected from oil-seed rape fields in Rastorfer Passau (Kreis P1on, Germany) and were
reared on the oil-seed rape plants, Brassica napus var. napus L., which had been transferred
from the same field to 20 °C and reared according to the method described by Harris and Svec

(1966).

Tenebrio molitor: The mealworm larvae, Tenebrio molitor L. (Coleoptera: Tenebrionidae)
were used to determine the occurrence and pathogenicity of H. bacteriophora in pot
experiments. The larvae were supplied by the company Morio Zoobedarf (Rottingen,

Germany).

2.2.2. Entomopathogenic Nematodes

Entomopathogenic nematodes, Steinernema feltiae Filipjev (Rhabditida: Steinernematidae)

strain en02 (Nemaplus®) and Heterorhabditis bacteriophora Poinar (Rhabditida:

10



Heterorhabditidae) strain enl (Nematop”) were used in the experiments to investigate
establishment and persistence. The nematodes were supplied by the company e-nema GmbH
(Raisdorf, Germany) and had been cultured according to Ehlers et al. (1998; 2000) and Ehlers
(2001).

2.3. General Methods

2.3.1. Nematode in vivo culture

To culture nematodes isolated from the field, they were propagated on G. mellonella
according to Kaya and Stock (1997). They were harvested with water traps consists of a
cylindrical plastic container (9 cm height x 8 cm diameter) containing a 5 cm diameter
inverted Petri dish placed at the bottom and filled with Ringer’s solution. On the top of the
inverted dish a filter paper (Whatman # 1.9 cm diameter) was placed with its edges in contact
with Ringer’s solution. Dead insect larvae were placed on top of the filter paper. After 10-15
days the 1Js emerged from the insect cadaver migrated over the filter paper and ended up in

the Ringer’s solution from where they were collected.

2.3.2. Control of EPN survival after spraying

To evaluate the effect of the spaying on survival of EPN, 5 samples of 100 ul were taken from
the spraying tank and the number of 1Js was counted under the microscope. This procedure

was repeated with nematodes, which were sampled in Petri dishes after spraying (2.3.4).

2.3.3. Control of fitness before and after spraying

To compare the fitness of EPN before and after spraying, nematode performance was tested in
a bioassay with G. mellonella. Nine cm diameter Petri dishes were filled with moist silver
sand (10 % w/v) of 0.1-0.5 mm particle size, which had been sterilised at 80°C for 12 h. Five
last instar G. mellonella were transferred into the dish and 100 IJs per insect were applied.
The insects were incubated for 5 days at 25°C and then the mortality was assessed. The

experiments were always done in 10 replicates.
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2.3.4. Quality control assay

A general quality control was performed with nematodes applied in fields in 2004. The
pathogenicity of H. bacteriophora was determined by evaluating the LDs against 7. molitor
larvae. The experiments were conducted in boxes (13 length x 13 width x Scm height, 500 ml
volume) filled with moist sand (as described in the prior assay). Twenty 7. molitor larvae
were added per box. Four different nematode dosages (5, 10, 20 and 30 1Js per larvae) were
applied to the boxes. Each dosage was replicated 10 times. Mortality was assessed after 5

days.

2.3.5. Bioassay to test the infectivity at different temperatures

Concentrations of 5, 10, 20, 30, 60 and 120 IJs/T. molitor larvae were tested at temperatures
of 12, 18 and 24 °C. The bioassay was carried out in small boxes (5 x 5 x 5 cm) filled with
moist silver sand (as previously described) and 10 last instars of 7. molitor. After application
of H. bacteriophora, the boxes were incubated at above described temperatures. The

experiment was replicated 10 times. After 5 days mortality of the insects was assessed.

2.3.6. Assessment of in vivo reproduction potential

In order to evaluate whether the reproductive potential of EPN was affected, the number of
nematode offspring per insect was evaluated. Experiments were carried out as described in the
infectivity bioassays using the concentrations of 10, 50 and 100 IJs per G. mellonella larva. In
this assay, G. mellonella larvae were used with a weight between 145 and 188 mg. Each
concentration of the IJs was tested on 10 G. mellonella larvae. After 48 h incubation the
infected cadavers, recognised their red colour, were removed from the sand, rinsed,
transferred to water traps (2.3.1.) and incubated in the dark at 25 °C. All emerging IJs from a
single host insect were recovered over a period of 10 days and stored in a 50 ml flask (Boff et
al., 2000). The content of each flask (nematode suspension from individual cadavers) was
mixed thoroughly using air bubbles. Eight samples of 10 pl from each suspension were

examined under a stereomicroscope and the total number of IJs per cadaver was calculated.
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2.3.7. EPN application

In field trials, nematodes were sprayed using a concentration of 5 x 10° IJs m™. For each
treatment 120 million 1Js were applied with 10 1 water on each plot of 240 m? (~ 41.5 ml
water m?) with an experimental plot application system (Pneumatic Sprayer Type PSG,
Schachtner, Ludwigsburg, Germany). The sprayer was equipped with two spray tanks with a
volume of 2.5 and 7.5 1, a 5 litre-volume pressure tank and an electronic tachometer. The
sprayer was operated at a pressure range of 1.5 — 6.0 bars. Two rods of each 1.5 m are
equipped with three spraying nozzles (0.5 mm diameter) in distance of 50 cm (Figure 1). The
applications were performed using 4-5 bar pressure at a velocity of 1 m s™. Applications were
conducted on plots of 240 m? (80 m length x 3 m width). The distance between the
experimental plots was at least 10 m. The sprayer was moved forward and backwards over the
plot to treat each plot two times. The nozzle height was kept constant at 50 cm distance from
the top of the plants. Prior to the applications, tap water and EPN formulation were gently
mixed in a plastic barrel and then the EPN solution was transferred into the spraying tanks. To
prevent sedimentation of the nematodes in the tank, which would result in a non-homogenous
distribution in the field, the tanks were well shaken before application. During the application
the number of EPN cm™ was assessed by placing Petri dishes in the field and the number of

nematodes was later counted in the laboratory (2.3.4.)

To assess droplet size and number of IJs per drop specific for the used spraying equipment,
the sprayed drops were once sampled in Petri dishes and their size was measured using the
software program, Analysis® (Soft Imaging System, Miinster, Germany). The amount of

drops reaching the soil and the number of 1Js per drop were evaluated.

For spraying of EPN in laboratory experiments a 500 ml volume hand sprayer was used,

which was equipped with a 0.5 mm diameter nozzle.
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Figure 3. Experimental plot sprayer Schachtner Type PSG.

2.3.8. Quantification of application density

In order to obtain the number of applied 1Js per area immediately after application, 10 plastic
Petri dishes (9 cm diameter) were put in 10 m intervals onto the soil surface in the
experimental plots. After application, the Petri dishes were collected and the nematode
suspensions were rinsed into plastic tubes with Ringer’s solution. In the laboratory, the
number of IJs per tube was counted to calculate the amount of 1Js applied per cm? soil. This

method was conducted during each field application.

2.3.9. Soil sampling

Soil samples were collected prior to and after EPN application. Each sample contained
approximately 40 g soil from an area of 3 cm?. The samples were placed in a plastic bag and

transported to the laboratory. The samples were kept at 4 °C until analysed.

2.3.10. Assessment of establishment and persistence

In order to assess establishment after application and persistence over time, soil samples were
taken in the field from treated and from control plots and the occurrence of EPN was
evaluated. The total number of nematodes was not assessed, but the percentage of soil
samples in which EPN were detected. Detection was done by the G. mellonella baiting
method according to Bedding and Akhurst (1975). Soil was homogenised by hand and each

soil sample was placed in a 90 ml plastic box (5 x 5 x 5 cm) with two last instar larvae of G.
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mellonella. After the larvae had been added, the boxes were turned round and stored at 25 + 2
°C. Three days later, dead larvae were examined for nematode infection. Larvae with a red
colour were recorded as positive for H. bacteriophora. Due to the growth of the symbiotic
bacterium, which produces a red pigment (Forst and Clarke, 2002), the cadavers turn red. All
cadavers, which had not turned red, were dissected and searched for the presence of EPN. If 1
and/or 2 larvae in each baiting box were infected with nematodes, the soil sample was

recorded as positive for the occurrence of EPN.

2.3.11. Molecular identification of EPNs

For identification of EPN isolated of unknown species these strains were subjected to a
molecular identification based on a PCR-RFLP of the ITS region (Internal Transcribed
Spacer) of the ribosomal DNA.

Total genomic DNA was isolated with a DNeasy® Kit supplied by the Qiagen GmbH (Hilden,
Germany) following the instructions of the supplier (Qiagen, 2002). A 200 pl nematode
sample (about 2,500-3,500 1Js) was used for DNA extraction in a 2 ml Eppendorf reaction
tube. Afterwards extraction, DNA was stored in EtOH (98%) at —27 °C until using.

PCR amplification of the ITS region was carried out in a reaction volume of 100 ul for each
strain, containing 75.6 pl of H>O, 2 pl of ANTPs (2mM), 10 pl of 10 x PCR-Buffer, 1 pl of
Primer Forward (200 uM), 1 upl of Primer Reverse (200uM), 0.4 ul of Taq polymerase
(5U/pul) and 10 pl of purified DNA. The primers 18S (5 -TTGATTACGTCCCTGCCCTTT-
3") and 26S (5'-TTTCACTCGCCGTTACTAAGG-3") were used as forward and reverse
primers, respectively (Vrain et al., 1992). The amplification was carried out using a DNA
thermal cycler (Perkin Elmer Cetus, Emeryville, CA, USA). The samples were placed in the
thermal cycler, which was preheated to 95 °C and incubated at 94 °C for 3 min. Amplification
was started at an annealing temperatures for 1 min at 55 °C followed by an extension period
at 72 °C for 1 min 30 s and a denaturalisation period at 94 °C for 30 s". After 40 of these
cycles, a final step of 1 min at 94 °C, 3 min annealing temperatures at 55 °C and 5 min at 72
°C of extension to ensure that all of the final amplification products were full length (Reid and

Hominick, 1998). At the end of the 40 cycles, the samples were stored at 4 °C.
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The digestions with different restriction enzymes to produce RFLPs (Restriction Fragment
Length Polymorphism) was carried at 37 °C for 3 hours in the thermal cycler using the
corresponding restriction buffers with approximately 200 ul of a PCR product. Nine different
enzymes were used: Alu I, Hae III, Hind III, Dde I, Hha I, Hinf I, Hpa II, Rsa I and Sau 3Al
(Amersham Biosciences, Freiburg, Germany). Each cap containing 1 pl enzyme, 3 pul its
buffer and 4 pl aqua dest., except for Hind III, which was used at 0.5 pl Hind III, 3 pl of its
buffer and 4.5 pl aqua dest and Hinf I at 1.25 pl enzyme, 3 pl of its buffer and 3.75 pl aqua

dest.

The resulting fragments were separated by electrophoresis with a 2 % agarose gel containing
ethidium bromide (0.2 %) in 0.5 x TBE buffer (54.0 g Tris base + 27.5 g Boric acid + 20 ml
0.5 M EDTA (pH 8.0) to 1 1 aqua dest.). Five pul of a DNA product was mixed with 3 pl
loading suspension (30 % glycerol, 50 mM EDTA, 0.001 % bromophenol blue and 0,001 %
xylencyanol) and 2 ul aqua dest and transferred into the gel pockets. One pocket was loaded
with 5 pl of a marker ranging from 100 to 1,000 base pairs (Smart Ladder SF, Eurogentec,
Ko6lIn, Germany), which had been treated like the DNA sample. Extracted or amplified DNA
was subjected to 180 V for 35 minutes, whereas RFLP products were run at 100 V for 90 min.
The fragments were photographed under UV light. RFLP patterns were compared with

published information on described species (Reid and Hominick, 1998).

2.4. Field establishment and persistence

To investigate establishment and persistence of applied nematodes in agriculture ecosystems,
soil samples were checked for the presence of EPN. Between October 23, 2001 and August
18, 2004 the total number of 10,980 soil samples (1,250 before and 9,730 after EPN
application) were collected and subjected to the insect baiting method to detect the presence

of EPNS.

2.4.1. Location of experimental fields

To evaluate establishment and persistence, EPN were applied in the field and afterwards soil
samples were investigated for the presence of EPN. The experiments on establishment and
persistence were carried out at two different locations. One of them is the Lindhof (LiH),

which belongs to the Faculty of Agriculture and Nutritional Sciences, University Kiel and is
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located 26 km northern of Kiel. The farm is following organic agriculture practice since 1997.
The other location is a farm owned by Joachim Postel situated in Rastorfer Passau (RaPa)

located 20 km south east of Kiel and is a conventionally managed farm (Tab. 1).

Table 1. Description of experimental locations.

Lindhof Rastorfer Passau

Cultivation area (ha) 123.5 66
Agricultural management Organic farming Conventional farming
Annual precipitation 670 mm 750 mm'
Average annual temperature 8.5°C 85°C
Soil type Loamy sand Sandy loam
Geographical location 54° 23' northern latitude 54° 12' northern latitude

9° 56' southern longitude 10° 19' southern longitude

2.4.2. Influence of application time and crop on establishment and persistence

In order to investigate the influence of application time and crop on nematode establishment,
H. bacteriophora was applied as described in 2.3.3. on different crops and during different
times of the year as indicated in Tab. 2. Applications were made once per month from March
until July 2004 at both locations. The height of the crop plants was recorded at the time of
nematode application. Each time new plots were sprayed. Prior to spraying, 40 soil samples
per plot were taken to check the presence of indigenous EPN. Immediately after application
another 40 soil samples per plot were taken and then again in monthly intervals until
September 2004. From untreated plots 30 soil samples were taken at the same time when
treated plots were investigated. Soil samples were checked for the presence of indigenous
EPN (controls and samples taken before spraying) and for the applied strain of H.
bacteriophora according to the method described in 2.3.4. Climatic conditions were recorded
at the experimental fields during the period of investigations and the data on air and soil
temperature, relative humidity, precipitation and global radiation are presented in Annex 2

(Lindhof) and Annex 3 (Rastorfer Passau).

' www klimadiagramme.de/Deutschland/Plots/kiel 3.gif
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2.4.3. Long-term persistence of S. feltiae and H. bacteriophora

Nematode persistence was investigated by checking soil samples from treated and untreated
plots up to a period of maximum 3 years for the presence of EPN. Application was done as
described in 2.3.3., except that applications done on plots of 18 m x 500 m with commercial
sprayers provided by the farmers at the Lindhof in October 2001 and at Rastorfer Passau in
June 2003. Applications were made according to details presented in Tab. 3. Prior to spraying,
40-50 soil samples per plot were taken to check for the presence of indigenous EPN.
Immediately after application again another 40-50 soil samples per plot were taken. Soil
samples were checked for the presence of indigenous EPN (controls and samples taken before
spraying) and for the applied EPN strains according to the method described in 2.3.4.
Whenever nematodes were detected from soil samples taken before application or from
untreated control plots, these were subjected to a molecular analysis as described in 2.4.5. in

order to identify the species of the indigenous isolates.

2.5. Laboratory studies on persistence

Investigations on the persistence of nematodes in the field are influenced by the availability of
potential host insects. Thus persistence studies cannot distinguish between the recovery of a
released population and the recovery of offspring of the released population. To exclude this
factor, experiments on nematode persistence were conducted in the laboratory to assure that
no host insects can influence the results. In a first experiment the persistence of S. feltiae and
H. bacteriophora was investigated at 8°C. The nematodes were applied at a concentration of
50 1Js cm™. The experiment was carried out in pots of 12 x 12 x 12 cm filled with soil from
the Lindhof. Prior to the experiments the soil had been baited to assure that no indigenous
nematode population was present. Sterile water was added to the soil to achieve water content
of 10% (w/v). The soil moisture was checked with electronic moister analyser (Sartorius MA
40, Gottingen, Germany). An amount of 7,200 1Js were applied per pot and incubated for 12
weeks. For each nematode species, 20 pots were used. Every 2 weeks one soil sample of
approximately 3 cm? and 40 g was taken from each pot with a soil borer (2 cm diameter and

12 cm height).

18



Table 2. Establishment and persistence of 2004 applied H. bacteriophora with dates of applications and crop on which
the nematode have been sprayed.

Appl. Time Plants Farms
24.03.2004 Oil s§ed rape Pasture . .Wheat - Rastorfer Passau
(Brassica napus) (Triticum durum)
Clover Barley .
05.04.2004 (Trifolium pratense) (Hordeum vulgare) i i Lindhof
27.04.2004 Oil s§ed rape Pasture ; ‘Wheat - Rastorfer Passau
(Brassica napus) (Triticum durum)
Clover Pea Barley .
11.05.2004 Trifolium pratense)  (Pisum sativum) (Hordeum vulgare) ) Lindhof
p
Wheat Corn
01.06.2004 - Pasture (Triticum durum) (Zea mays) Rastorfer Passau
Clover Pea Potato Barley .
07.06.2004 (Trifolium pratense)  (Pisum sativum)  (Solanum tuberosum) (Hordeum vulgare) Lindhof
Wheat Corn
02.07.2004 - Pasture (Triticum durum) (Zea mays) Rastorfer Passau
Clover Pea Potato Barley .
15.07.2004 (Trifolium pratense)  (Pisum sativum)  (Solanum tuberosum) (Hordeum vulgare) Lindhof
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Table 3. Dates of EPN applications, crops on which EPNs were sprayed and following crops in the rotation.

Crop rotations

Appl. Time EPNs 2000 2001 2002 2003 2004 Farm
S feltiae Oil seed rape Clover Oat Potato Pea .

23.10.2001 s (Brassica napus) (Trifolium pratense)  (Avena sativa)  (Solanum tuberosum) (Pisum sativum) Lindhof

. Pea Oil seed rape Clover Oat Wheat .
23.10.2001 H. bacteriophora (Pisum sativum)  (Brassica napus) (Trifolium pratense) (Avena sativa) (Triticum durum) Lindhof

. Oat Bean Winter Wheat Clover .
11.06:2002 . bacteriophora i (Avena sativa) (Vicia faba) (Triticum durum) (Trifolium pratense) Lindhof

. Clover Wheat Barley
19.06.2003 H. bacteriophora i ) (Trifolium pratense)  (Triticum durum) (Hordeum vulgare) Rastorfer Passau
19.06.2003 H. bacteriophora - - Pasture Pasture Pasture Rastorfer Passau

. Clover Oil seed rape Wheat
19.06.2003 H. bacteriophora ) ) (Trifolium pratense)  (Brassica napus) (Triticum durum) Rastorfer Passau

Potato Lupin Pea
08.07.2003 H. bacteriophora - - (Solanum (Lupinus . . Lindhof
1 (Pisum sativum)
tuberosum) angustifolius)

. Oat Potato Pea .
08.07.2003 H. bacteriophora i ) (Avena sativa)  (Solanum tuberosum) (Pisum sativum) Lindhof

. Wheat Pea Potato .
08.07.2003 H. bacteriophora ) ) (Triticum durum) (Pisum sativum) (Solanum tuberosum) Lindhof
11.11.2003 S. feltiae - - - Oil seed rape Oil seed rape Rastorfer Passau

(Brassica napus)

(Brassica napus)
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Two G. mellonella were added to the each sample to bait the nematodes. Baiting was repeated
three times with 3-day intervals. The infected larvae were dissected and the number of IJs per
insect was counted. Therefore, dead G. mellonella were washed in Ringer’s solution in order
to remove EPNs on the surface of the insect and the cuticle of the larva was removed with the
help of scissors and pins. The haemolymph was homogenized by consecutive passages of the
haemolymph together with 2 ml Ringer's solution through a Pasteur pipette. The suspension
was then poured into a 10 ml glass tube and centrifuged at 2000 rpm for 2 min. After
centrifugation, the supernatant was carefully removed and the sediment containing the
nematodes was diluted by adding Ringer’s solution at a ratio of 1:5. All IJs were counted in

counting cell-wells under the microscope and the mean half-life of EPNs was calculated.

In a second experiment sterilized and non-sterile soil from both locations were used at 15 and
25°C to assess the persistence of H. bacteriophora over a period of 9 weeks. The monitoring
was carried out parallel to the field trials in 2004. The soil samples were collected from an oil-
seed rape field in Rastorfer Passau (RaPa) and a potato field from the Lindhof (LiH) in April
2004. The collected samples were divided and one part was sterilised at 80 °C for 12 h. After
sterilisation, samples were supplemented with tap water and in all samples the moistures were
measured using the electronic moister analyser. Each of the sterile (s) and un-sterile (us)
samples (LiH-s, LiH-us, RaPa-s and RaPa-us) was separated and subjected to the
experimental temperatures of 15 and 25 °C. Approximately 60 g soil sample was transferred
to plastic boxes of 5 x 5 x 5 cm (100 ml) and incubated for one day. At the following day, H.
bacteriophora was applied into each box. Six boxes of each variant were examined
immediately and then 1, 3, 5, 7 and 9 weeks after the application. Finally, recovered 1Js were

dissected and counted with the method described previously.

2.6.  Characterisation of re-isolated Heterorhabditis bacteriophora

In order to investigate whether the fitness of the released nematodes will change within one
year after application in the field, IJs infectivity (2.3.5.), reproduction capacity (2.3.6.) and the
potential to persistence (2.5.) were compared between a H. bacteriophora population re-
isolated from plots where the strain had been released in June 2002 in beans at the Lindhof
and a population taken from in vitro mass production provided by e-nema GmbH. Prior to
comparison between the samples of the different sources the newly fermented nematodes

were reproduced once in G. mellonella larvae in order to achieve equal conditions. Persistence

21



was evaluated according to the first method described in 2.5. at 16 °C over a period of 12

weeks.

2.7. Persistence and efficacy of H. bacteriophora against Otiorhynchus sulcatus

Strawberries under plastic mulch nematodes cannot be applied when the pest O. sulcatus
produces major damage. Should nematodes be able to persist over a period of two months and
then still cause sufficient control of the pest, an application during planting would be possible.
To evaluate the control potential of H. bacteriophora applied by dipping roots of transplants,
the following experiment was conducted. A nematode suspension with 1,500 IJs/ml of H.
bacteriophora was supplemented with wallpaper glue Methylan (Henkel AG, Diisseldorf) at
0.5 %. The glue contains carboxy-methyl-cellulose (CMC), which is added to prevent
nematodes from settling and to stick them to the roots of Frigo plants (Peters et al., 2002). The
root system of one Frigo plant adsorbs approximately 4-5 ml of this suspension that each plant
received approximately 7,000 IJs. In total, 120 of 150 strawberry plants (weight 14-15 g) were
dipped into the nematode suspension (Fig. 4). Before and after dipping, the plants were
weighed in order to detect how much ml solution remained on the roots. The weight of each
plant was recorded and every pot was numbered. Thirty plants were dipped into tap water
only to be used as untreated controls. The plants were then transferred to 1 1 pots of 12 x 12 x
14 cm (L x W x H) containing a soil mixture of 337.5 g (45 %) compost, 337.5 g (45 %)
sandy-loam soil, 67.5 g (9 %) silver sand and 7.5 g (1 %) fertilise for strawberry. Prior to
mixture, the components had been sterilised at 80 °C for 12 h. After sterilisation, all
components were gently mixed and adjusted to 10 % moisture with sterile water. All pots
were kept under controlled condition at variable temperature from 18 °C at night to 26 °C

during the day with a photoperiod of light: dark = 16:8 h.

Immediately after dipping and in 2 weeks intervals, 5 nematode-treated pots were
supplemented with 20 larvae of 7. molitor and incubated at 25 °C for 1 week to investigate
persistence. The number of nematode-infected larvae was recorded. Three weeks after
planting, 95 dipped plants were treated with 30 eggs of O. sulcatus per pot. The eggs were
added by using a soft brush (No: 2) and deposited at 3-4 mm depth of the potting substrate.
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Figure 4. Root system of a Frigo strawberry plant dipped into a nematode suspension planting into a pot.

The addition of egg into the pots was replicated every month. However, in the second and
third egg inoculation only 20 eggs were transferred into the pots. One month after the eggs
had been transferred, 10 pots from the nematode treatment and the same amount of pots,
which were free of nematodes, were carefully checked for the presence of O. sulcatus larvae.
Larval length was measured by analysing images with the software program Analysis® (Soft
Imaging System) and data were compared with published results (van Tol et al., 2001) to
determine the larval instar. This procedure was continued every month until 3 months after
the addition of eggs. Persistence evaluated by the addition of 20 7. molitor was also recorded
in 5 pots every two weeks, which had received nematodes and eggs of O. sulcatus (Peters et

al., 2002).

2.8. Persistence and efficacy of Steinernema feltiae against Delia radicum

Larvae of the cabbage root fly are most susceptible to S. feltiae during the third instar
(Sulistyanto et al., 1994). This stage was detected in a field of oil-seed rape at the farm in
RaPa in autumn 2003. Field persistence of S. feltiae was assessed at that field. To get data on
nematode efficacy and persistence under more controlled conditions, the following
experiments were conducted: Plants at EC 22 were collected from the field on November 13,
2003 and transplanted into pots of 12x12x14 cm (L x W x H) and supplemented with 3 field
collected third instar D. radicum per plant. All pots were incubated at 8 °C for one day. After
the incubation, half of the pots were treated with S. feltiae at a dose of 50 IJs cm™. The other

25 plants were used as controls. Once every 2 weeks starting 2 weeks after nematode
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application, the soil of each pot was checked for the presence of larvae and pupae. This
procedure was continued until no larvae were detected or had pupated. The experiment was

carried out at & °C.

In order to measure persistence of S. feltiae, samples were taken and subjected to baiting with
G. mellonella as described under 2.5. This procedure was continued over a period of 12
weeks. The laboratory experiments were synchronised with the field assessments for

persistence.

In an additional experiment it was investigated whether S. feltiae could identify D. radicum
larvae over a longer distance and migrate towards its host and whether nematodes are also
attracted to oil-seed rape roots. A Y-tube Olfactometer as presented in Figure 3 was used. The
arena consisted of a dark grey hard PVC Y-connection used in pluming for sewage water

disposal. All three arms were filled with fine sterilised silver sand (10% w/v moisture).

Insect host or
plant roots

Control

Nylon gauze
(Mesh 125 pm)

Central arena
Nematode

application area

Opposite 50
(60 ml)

| Cover

Figure 5. Schematic drawing of the Y-Olfactometer choice arena for recording preferential responses of EPNs to
insect and root stimuli in sand (modified from Boff et al., 2001).

The behavioural response of 1Js of S. feltiae to the presence of 5 last instar D. radicum or to
roots of one oil-seed rape plant was investigated. In a choice experiment 5 larvae of D.
radicum were offered in one arm and oil-seed rape roots in the other. All three experiments
were done in parallel with three olfactometers. The larvae were kept in a sieve of 1 mm mesh

size to prevent them from migrating through the tube. Before adding nematodes, the assay
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units were incubated in a horizontal position in the dark room at 8 and 15 °C for 24 h to allow
the formation of a chemical gradient. Then one ml of Ringer’s solution containing 1,000 1Js
(£15 %) was added to the centre hole of 50 mm of the nematode application area (Fig. 5) and
the olfactometers were incubated for 10 days at the above temperatures. After this period, the
olfactormeter was taken apart and the nematodes were recovered from the sand by using a
modified Cobb's (1918) decanting and sieving method (Klein-Beekman et al., 1994). The
amount of sand of each compartment was put into a 1 I litre glass cylinder and 600 ml tap
water was poured over it. After 10 seconds, the supernatant was poured into a 2 litres beaker.
The remaining sand was mixed with 600 ml of top water for another two times, but now the
supernatant was collected and added to the beaker suspension after 15 seconds. The total
beaker suspension with the nematodes was poured through a sieve (mesh size 0.01 mm). The
nematodes were remaining on the sieve and were collected in a small beaker. The nematodes
recovered from the sand of each compartment of the Y-Olfactometer were counted in a
counting plate under a microscope. The insect larvae were dissected and the number of 1Js

was determined.

2.9. Statistical analyses

In efficacy experiment with EPNSs, first, total insect mortality data were corrected for control
mortality using Abbott's formal (Abbott, 1925). Mortality comparisons between in treatment
and control were evaluated by the Mann Whitney test at p<0.05.

Distribution of S. feltiae in Y-Olfactometer tubes was analysed by analysis of variance
ANOVA (breakdown one way Anova) and followed by a Least Significant Difference (LSD)
test as post-hoc comparisons of the mortality means. The minimum level of significance was

taken as p<0.05.

Prior to each application in the field in 2004, LDsy LDgy and LTso of H. bacteriophora were
estimated by Probit analysis (2.3.4.) according to Finney (1971).

The correlation was tested between the height of the crops and the number of IJs cm-2
recovered in Petri dishes (2.4.2). The establishment (percent of positive samples) and the
amount of precipitation during the application week were also estimated. Correlation test were

calculated with p < 0.05.
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In establishment experiments in the fields, differences of percent of detected positive soil
samples immediately after applications for each crop were compared using Chi*>-Test. The
applied test examined whether the number of positive and/or negative soil samples is
dependent on the treatment (application date and/or crop as variables). The same test was used
in order to examine whether the percentage of positive soil samples between different

application dates in one crops were significantly different.

Data obtained from persistence experiment in the laboratory on number of IJs obtained from

sterile and un-sterile soils were subjected to the Harder test at p<0.05.

The statistic analysis was performed by using of the program Statgraphics, Statistica and

Xlstat Pro 7.0.
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3. Results
3.1. Indigenous EPN populations in the experimental fields

In order to detect indigenous EPN populations in the experimental fields at the Lindhof and in
Rastorfer Passau, soil samples were collected before nematode application (2.3.9.) and
subjected to the baiting methods (2.3.10.). Isolates were identified by molecular analysis of
the ITS region of the ribosomal DNA (2.3.11.). As an example the RFLP pattern of the ITS
region of the ribosomal DNA of the isolate from oil seed rape sampled on October 23, 2001 is
presented in Fig. 6. The only species detected in soil samples was S. feltiae. Before EPN
application, a total number of 1,250 soil samples was taken and analysed between 2001 and
2004 from 19 fields at both locations. S. feltiae was detected in only 22 out of 1,250 soil

samples (1.76 %). Results are summarized in Tab. 4.

Table 4. Records of EPN positive soil samples taken before the release of nematodes between 2001 and 2004.
From each field 50 soil samples had been taken.

Time of soil No. of positive

sampling Crop Prior crop Farm Species soil s:(l)mples,

(%)
Clover Oil-seed rape . . N

23.10.01 (Trifolium pratense) (Brassica napus) Lindhof S. feltiae 6 (12%)
Oil-seed rape Pea . . o

23.10.01 (Brassica napus)  (Pisum sativum) Lindhof S. feltiae 3 (6%)
Bean Oat . . o

11.06.02 (Vicia faba) (Avena sativa) Lindhof S. feltiae 8 (16%)

24.03.04 Pasture Pasture Rastorfer Passau S. feltiae 3 (6%)

27.04.04 Pasture Pasture Rastorfer Passau S. feltiae 1 (2%)

11.05.04 Clover Winter Wheat Lindhof S. feltiae 1 (2%)

(Trifolium pratense) (Triticum durum)

3.2. Competition between indigenous and applied EPN species

Whether an indigenous species is replaced by an introduced species could easily be
investigated by application of H. bacteriophora, as this species was never detected in any of
the soil samples and therefore could be distinguished from indigenous S. feltiae populations.
Of the six fields in which indigenous S. feltiae were detected, five were afterwards treated
with H. bacteriophora. There was no strong evidence that the indigenous populations were

replaced by application of H. bacteriophora.
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Figure 6. PCR amplified products from the ITS region of S. feltiae digested with 9 restriction enzymes. Lanes 1-
9 indicate the following enzymes: 1. Alu I; 2. Dde I; 3. Hae III; 4. Hha I; 5. Hind III; M. Molecular weight
markers (band sizes 1000, 800, 700, 600, 500, 400, 300, 200, 100 base pairs) 6. Hinf I; 7. Hpa II; 8. Rsa I (Afa
); 9. Sau 3 AL
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Figure 7. Percentage of soil samples positive for an indigenous population of S. feltiae and the released
species H. bacteriophora applied on 23.10.2001 in clover (Trifolium pratense) on the Lindhof. No
EPNs were detected after April 2003.
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Figure 8. Percentage of soil samples positive for an indigenous population of S. feltiae and the released
species H. bacteriophora applied on 11.06.2002 in beans (Vicia faba) on the Lindhof. No S. feltiae was

detected after November 2002.
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Figure 9. Percentage of soil samples positive for an indigenous population of S. feltiae and the released
species H. bacteriophora applied on 24.03.2004 in pasture in Rastorfer Passau.
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Figure 10. Percentage of soil samples positive for an indigenous population of S. feltiae and the released species
H. bacteriophora applied on 27.04.2004 in pasture in Rastorfer Passau.
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Figure 11. Percentage of soil samples positive for an indigenous population of S. feltiae and the released species
H. bacteriophora applied on 11.05.2004 in clover (Trifolium pratense) on the Lindhof.

Results presented in Figures 7, 9 and 11 indicate that S. feltiae was not affected by the
presence of the released H. bacteriophora. In the applications, which were done on March 24,

2004 and April 27, 2004 in pasture fields the incidence of positive samples of the inoculated

H. bacteriophora was rapidly reduced and fell under the level of positive samples with S.
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feltiae. In these fields H. bacteriophora disappeared 1 and 4 months after application (Fig. 9
and 10). On the field in which H. bacteriophora was applied in June 2002, the population of
S. feltiae could not be isolated 4 months after the release of H. bacteriophora (Fig. 8). In
contrast to the other fields, this field suffered from an infestation with larvae of pea weevil,
Sitona lineatus L. (Coleoptera: Curculionidae), a suitable host of H. bacteriophora (see also
3.5.). The occurrence of suitable hosts might be one reason why the population of H.
bacteriophora was dominant over S. feltiae. However, S. feltiae has a wide host range
including other curculionids and it is one of the EPN species, which is rather non-specific
(Peters, 1996). It can therefore be speculated that Sitona sp. might also serve as host for S.
feltiae and results by Wiech and Jaworska (1990) have shown that Sitona spp. can serve as
hosts for both species. Then H. bacteriophora can only dominate if it has a larger capacity to
exploit this host. However, more detailed investigations are needed to draw final conclusions

on competition between EPN species.

In the other fields, no insect pests were detected during the soil sampling. Therefore, the
population of the indigenous S. feltiae might have persisted in the presence of H.
bacteriophora. In one field S. feltiae was replaced by H. bacteriophora but was again isolated
in the month when no H. bacteriophora could be detected (Fig. 10). This observation together
with the results of the other fields where S. feltiae was continuously found indicates that it is
possible for the indigenous S. feltiae to co-exist with a released population of H.

bacteriophora.

3.3. Persistence of inoculated EPNs in the field

The nematode species S. feltiae and H. bacteriophora were applied in described fields
between October 2001 and August 2004. Each field was only once treated with these
nematodes and the number of positive soil samples was monitored during the following
months after application. In all cases the released nematodes were at least once successfully
recovered from the fields by using of insect bait technique with G. mellonella (2.3.10.). A
total number of 6,680 of soil samples (470 before + 6,210 after application) were collected
and baited almost every month, except when adverse weather conditions (generally in
December, January and February) prohibited the sampling. The longest persistence of 23

months was recorded for a release of H. bacteriophora in beans (Fig. 12). The results indicate
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that H. bacteriophora has the potential to persist for many months in agriculture ecosystems,

however, in none of the release locations it could be consistently established.
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