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Summary

Summary

In response to attack by phytophagous insects, plants produce volatile organic compounds that 

serve as cues for natural enemies of the herbivore to locate their potential host or prey.  Such tritrophic 

interactions are well understood aboveground.  Recently, it has become evident that such interactions 

also occur belowground.  Among the compounds that are involved in belowground tritrophic signalling 

is the sesquiterpene (E)-b-caryophyllene, a key compound emitted by insect-damaged maize roots 

(Zea mais) when attacked by larvae of Diabrotica virgifera virgifera. This sesquiterpene is attractive 

to the entomopathogenic nematode Heterorhabditis megidis, which infects and kills D. v. virgifera 

larvae.  Aboveground, maize leaves subjected to insect herbivory emit a wide range of volatile 

compounds.  To understand why the same plant when attacked belowground only emits a reduced 

pattern of compounds, largely dominated by (E)-b-caryophyllene, we studied the diffusion properties 

of this sesquiterpene.  Of the potential compounds tested a few other sesquiterpenes diffused better 

than (E)-b-caryophyllene, but these are more costly to synthesize for the plant. The release of (E)-

b-caryophyllene seems ideal balance between diffusion efýciency and production costs (Chapter I).  

Because of breeding, some maize varieties are not emitting this belowground signal anymore. The 

transformation with a terpene synthase gene from oregano into a maize line that normally does not 

produce this call-for-help signal successfully restored their ability to release (E)-b-caryophyllene.  In 

presence of H. megidis, this release resulted in a better protection of the root system and fewer D. 

v. virgifera adults emerging near the transformed plants compared to their original lines under ýeld 

conditions (Chapter II).  In order to determine the most effective nematode species for biological 

control of D. v. virgifera in Europe, we compared the control efýciency of H. bacteriophora, H. megidis 

and Steinernema feltiae.  The susceptibility of different D. v. virgifera development stages to the above 

mentioned nematodes species was assessed under semi-ýeld conditions.  All stages of the targeted 

pest were susceptible to entomopathogenic nematodes and Heterorhabditis species were slightly 

better in controlling the pest than Steinernema species (Chapter III).  When tested in the ýeld near 

(E)-b-caryophyllene producing and non-producing maize varieties, H. megidis and S. feltiae were 

considerably more effective in plots with the (E)-b-caryophyllene releasing line.  H. bacteriophora 

appears to use other plant-produced signals.  Promisingly H. bacteriophora level of control was 
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comparable to levels that can be achieved with pesticides (Chapter IV).  In order to achieve an 

improved control of D. v. virgifera, was manipulated in the laboratory.  We selected a strain of H. 

bacteriophora in belowground six-arm olfactometers over six generations for improved attraction 

to (E)-b-caryophyllene.  This species does normally not respond to the signal (Chapter IV).  In ýeld 

trials it was conýrmed that the selected strain, when applied near a (E)-b-caryophyllene producing 

maize variety, was more efýcient in killing D. v. virgifera than the original strain. As expected, there 

was no such difference between the strains when released near a maize variety that did not emit 

(E)-b-caryophyllene (Chapter V).

In addition to the fundamental knowledge on belowground interactions obtained by the current 

study, it also provides key information on how to use entomopathogenic nematodes for biological 

control of D. v. virgifera.  Moreover, this study is, to our knowledge, the ýrst demonstration that 

biological control can be improved by manipulating the production of and responsiveness to a plant 

signal.

Key words: Tritrophic interaction, Diabrotica virgifera virgifera, western corn rootworm, maize     

pest, root pest, belowground chemical ecology, induced plant defence, Zea mais, entomopathogenic 

nematode, Heterorhabditis megidis, Heterorhabditis bacteriophora, Steinernema feltiae, (E)-b-

caryophyllene.

Summary
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Résumé

Résumé

En réponse à des attaques d’insectes phytophages, les plantes produisent des composés 

organiques volatiles servant de signal aidant les ennemis naturels de l’insecte herbivore à localiser 

un hôte ou une proie potentielle.  De telles interactions trophiques sont bien comprises pour la partie 

aérienne de la plante.  Récemment, des systèmes tritrophiques souterrains ont été mis en évidence 

et des compos®s importants impliqu®s dans de telles interactions ont ®t® identiý®s.  Parmi eux, 

un sesquiterpène, le (E)-β-caryophyllène, est considéré comme un composé clé dans le modèle 

tritrophique Zea mais - Diabrotica virgifera virgifera - Heterorhabditis megidis.  Des racines de maïs 

attaquées par la larve du ravageur D. v. virgifera émettent dans le sol ce signal d’alerte et peuvent 

ainsi attirer le nématode entomopathogène H. megidis capable d’infecter et de tuer la larve de D. v. 

virgifera

Les feuilles de maïs attaquées par des insectes émettent un large spectre de composés 

volatiles.  Aýn de comprendre pourquoi les racines dôune m°me plante nô®mettent quôun ®ventail r®duit 

de ces composés lors d’une attaque de D. v. virgifera, largement dominé par le (E)-β-caryophyllène, 

une étude concernant la diffusion de ces volatiles dans le sol fût menée. Parmi les composés testés, 

quelques autres sesquiterpènes diffusèrent mieux que le (E)-β-caryophyllène, mais la biosynthèse 

de ces derniers est plus coûteuse pour la plante.  L’émission de (E)-β-caryophyll¯ne semble donc °tre 

un compromis optimal entre les propriétés de diffusion de cette molécule et ses coûts de production 

pour la plante (Chapitre I).  A cause de la sélection opérée sur le maïs depuis sa domestication, 

certains des cultivars ont perdu la capacité de produire et d’émettre ce signal souterrain.  L’insertion 

d’un gène responsable de la synthèse du (E)-β- caryophyllène de l’origan dans une variété de maïs 

ne produisant plus ce signal d’appel à l’aide a rétabli la capacité de la plante à émettre du (E)-β-

caryophyllène.  Lors d’expériences en champs et en présence de H. megidis, cette émission résulte 

en une meilleure protection du système racinaire et moins d’adultes de D. v. virgifera émergent 

à proximité des plantes transformées que des plantes contrôles (Chapitre II).  Dans un souci 

d’utilisation de la meilleure espèce de nématodes entomopathogènes en lutte biologique contre D. 

v. virgifera en Europe, lôefýcacit® de H. bacteriophora, H. megidis et Steinernema feltiae contre ce 

ravageur fût testée dans des conditions semi-naturelles.  Une mortalité plus importante à tous les 
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Résumé

stades pré-imagos du ravageur ciblé fût observée en présence des trois espèces de nématodes 

entomopathogènes susmentionnées.  Cependant des résultats légèrement meilleurs furent obtenus 

avec les deux espèces du genre Heterorhabditis comparé à Steinernema feltiae (Chapitre III).  Lors 

d’expériences en champs, H. megidis et S. feltiae se sont r®v®l®s consid®rablement plus efýcaces 

dans les parcelles plantées de maïs émettant du (E)-β-caryophyllène que dans les parcelles n’en 

émettant pas.  H. bacteriophora semble ne pas °tre inþuenc® par la pr®sence ou lôabsence de ce 

volatile mais semble plutôt répondre à d’autres composés produits par une plante infestée.  Néanmoins, 

H. bacteriophora a égalé le niveau de contrôle du ravageur atteint par les insecticides chimiques 

(Chapitre IV).  Dans le but d’obtenir encore un meilleur contrôle de D. v. virgifera, H. bacteriophora 

a été manipulé en laboratoire.  Une nouvelle souche de ce nématode a été sélectionnée pour une 

réponse améliorée au (E)-β- caryophyll¯ne.  Gr©ce aux olfactom¯tres souterrains ¨ six bras, il a sufý 

de six générations pour accroître l’attraction de H. bacteriophora vers ce signal racinaire, alors que 

cette espèce ne répondait normalement pas à ce composé (voir Chapitre IV).  Lors d’expériences en 

champs, la souche sélectionnée, lorsqu’elle était appliquée près d’une variété de maïs produisant du 

(E)-β-caryophyll¯ne, sôest av®r®e plus efýcace pour ®liminer D. v. virgifera que la souche d’origine.  

De telles différences entre la souche sélectionnée et l’originale n’ont pas été observées auprès des 

plantes n’émettant pas de (E)-β-caryophyllène (Chapitre V).  

En parallèle des connaissances fondamentales sur les interactions tritrophiques souterraines 

mises en lumière, la présente étude apporte des informations clés sur l’utilisation des nématodes 

entomopathogènes dans un contexte de lutte biologique contre D. v. virgifera.  De plus, cette thèse 

d®montre pour la premi¯re fois ¨ notre connaissance que la lutte biologique peut °tre am®lior®e par 

la manipulation soit de la production d’un signal émis par une plante, soit de la réponse du troisième 

niveau trophique ¨ ce m°me signal.

Mots-clés: Interaction tritrophique, Diabrotica virgifera virgifera, chrysomèle du maïs, ravageur du 

maïs, ravageur de racines, écologie chimique souterraine,  défence induite des plantes, Zea mais, 

nématode entomopathogène, Heterorhabditis megidis, Heterorhabditis bacteriophora, Steinernema 

feltiae, (E)-b-caryophyllène.
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Introduction & Thesis outline

Introduction

Since humans became sedentary and 

started to domesticate plants for agronomy 

(~10,000 years ago), crop production has 

steadily increased (Hillel and Rosenzweig 

2005). Besides nutritional concerns (Larsen 

2003), primitive farmers also had to compete 

with insect pests (Hillel and Rosenzweig 2005). 

In early times, small scale ýelds and crop 

diversiýcation minimized the impact of herbivory 

(Tonhasca and Byrne 1994). However, the 

increasing need for food resources led to a 

reduction of crop biodiversity and, according 

to the “resource concentration hypothesis”, 

the impact of pests also increased (Root 

1973). Through the ages, human beings never 

stopped the creative development of strategies 

to protect their crops (Hillel and Rosenzweig 

2005) and during the last century the profuse 

use of chemical pesticides has been the 

answer to the pest problem (Pimentel 1997). 

The plants themselves have been engaged in 

a continuous arms race with herbivores during 

millions of years of evolution and have evolved 

abilities to protect themselves against herbivore 

pressures (Thompson and Cunningham 2002).  

Currently considered as a coevolution process, 

this arms race has led to a spectacular pattern 

of biodiversity.  While plants have to defend 

themselves against voracious organisms by 

more and more complex and ýne armaments, 

insects in turn had and continue to evolve 

strategies in order to resist plant defences and 

further exploit plants as sources of nutrients 

(Schoonhoven, Jermy et al. 1998).

The defence artillery of plants is incredibly 

diverse and complex.  The ýrst fence built 

against insect feeding is of a physical nature 

and consists of the  plant tissues themselves.  

The presence of trichomes or wax on the leaf 

surface, leaf thickness or toughness, high 

silica content or sclerotization may reduce 

food acceptance behaviour or decrease the 

food accessibility for insects (Schoonhoven, 

Jermy et al. 1998).  The second defence 

line is formed by “chemical soldiers”.  Plants 

may store toxics and/or repellents against 

phytophagous organisms in their tissue.  While 

this constitutive defence is efýcient, it is costly 

for the plant to continuously produce such 

compounds.  Therefore, to limit costs and stay 

as vigorous as possible, plants have developed 

the ability to produce certain toxic or repellent 

compounds only when they are fed on by 

herbivores.  Defence mechanisms triggered by 

insect damage triggered defence mechanisms 
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are termed induced defences.  Many recent 

studies have focused on this strategy (books: 

Karban and Baldwin 1997; Agrawal and Rutter 

1998; Agrawal, Tuzun et al. 1999; reviews: 

Baldwin 1994; Karban, Agrawal et al. 1997; 

Baldwin and Preston 1999; Dicke and van Loon 

2000; Dicke, van Poecke et al. 2003; Bruce and 

Pickett 2007; Heil 2008).

Plant constitutive/induced defence does not 

only target their enemies directly by inþuencing 

the herbivore feeding behaviour or ýtness, but 

also indirectly by enhancing the involvement 

of higher trophic levels (Price, Bouton et al. 

1980).  Such indirect defence aims to provide 

sustenance, housing or attraction of organisms 

able to protect the plants against phytophagous 

attacks.  These adaptations range from 

formation of special structures serving as home 

for ants, mites or bacteria to the production of 

nectar foliar glands used by natural enemies 

of herbivores as food sources (constitutive 

indirect defence) (Janzen 1966; Stapley 1998).  

The induced indirect plant defence, following 

an herbivore attack, results in the recruitment of 

natural enemies of the herbivore by producing 

and emitting cues or volatile organic compounds 

(VOCs).  Such interactions with a third trophic 

level were revealed in many studies during the 

two last decades (for review see: (Turlings and 

Benerey 1998; Dicke and Vet 1999; Dicke, van 

Poecke et al. 2003; Turlings and Wªckers 2004).  

Exploiting such plant ability in crop protection 

strategies would lead to an ecological sound 

way of controlling pests. 

Having a deep understanding of such 

tritrophic interaction in order to enhance 

belowground crop protection is the global aim of 

the following thesis.  To achieve this objective, 

the interaction between the crop plant maize 

(Zea mays L.), the root feeder larvae of the 

western corn rootworm (Diabrotica vigifera 

virgifera LeConte) and the entomopathogenic 

nematodes (Heterorhabditis ssp. and 

Steinernema feltiae Filipjev) was used as a 

model system.

The model system

Maize (Zea mays mays)

Maize is the ýrst trophic level of the model 

previously mentioned.  Maize is one of the most 

widely cultivated crops worldwide, not only as 

fodder for cattle but also for human consumption, 

thanks to the starch, proteins and oils contained 

in the kernels (Fedoroff 2003).  As such, maize 

is one of the most important crops worldwide 

(Sattaur 1989).  Even so, its domestication 
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history remains poorly understood.  Despite 

decades of research by botanists, molecular 

biologists and archaeologists, the theories of 

maize domestication are still controversial.  

Depending on the authors, the presumed 

start of its domestication is þuctuating between 

10’000 14C B. P. and 5’000 14C B. P. (Piperno 

and Flannery 2001; Sluyter and Dominguez 

2006).  However, scientists do agree on the 

ancestor, the wild grass teosinte (Zea mays ssp. 

parviglumis Iltis and Doebley) (Fukunaga, Hill et 

al. 2005), of our modern maize (Zea mays ssp. 

mays).  Evidences are designating two main 

locations as basins of maize domestication, the 

Southern Mexican Highlands around Tehuacán 

and Oaxaca (at an elevation of 

1200–2000m) and the Balsas 

River Valley on the Paciýc 

slope (at an elevation of 400–

1200m) both areas located in 

Central Mexico (Piperno and 

Flannery 2001; Sluyter and 

Dominguez 2006).

Because of breeding 

selection, the different maize 

varieties accessible to farmers 

have high intraspeciýc 

variation in both qualitative and quantitative 

release of VOCs (Gouinguené, Degen et al. 

2001; Degen, Dillmann et al. 2004).  Such 

chemical polymorphisim is also present among 

teosinte subspecies (Gouinguené, Degen et al. 

2001).

Western Corn Rootworm (Diabrotica 
v. virgifera LeConte, Col. : 
Chrysomelidae)

The subtribe of Diabroticina contains many 

polyphagous and oligophagous herbivorous 

species feeding on crops, ornamental and wild 

plants. Among these, the genus Diabrotica 

(Chevrolat) contains the greatest number of 

pests, including some of the most important 

crop pests around the world. The virgifera group 

includes the northern (Diabrotica barberi (Smith 

Figure 1	 WCR adult feeding on corn silks.  
Even if adults’ damages are fewer than larvae’s, 
they may lead to yield reduction as well.
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and Lawrence)), the Mexican (D. virgifera 

zea (Krysan and Smith)) and the western (D. 

v. virgifera, WCR (ýg. 1)) corn rootworms.  

These corn rootworms are among the most 

economically important maize pests in terms of 

annual losses in crop yields and control costs 

(Walsh 2003).  WCR is considered as the most 

important pest of maize in the USA and Canada, 

causing yield losses and chemical control costs 

of up to one billion US dollars annually (Krysan 

and Miller 1986).

WCR life cycle and ecology

In order to survive the cold (in temperate 

areas) or the dry (in tropical areas) season eggs 

are oviposited belowground. According to Gray 

et al. (1992), 66% of the eggs are laid in the 

top 10 cm of the soil.  It has been shown that 

the eggs are highly susceptible to extremes 

of temperature and moisture (Krysan 1999).  

Such a depth seems to provide environmental 

conditions which are favorable enough for egg 

survival.  At the end of this quiescence period, 

from late May to mid-June (Branson and Krysan 

1981), WCR larvae hatch and go through three 

larval instars before pupation.  Small variations 

between male and female development time 

to the adult stage are observed, it takes on 

average 26.3 days for males, whereas females 

need 28.9 days to complete their larval and 

pupal development (Jackson and Elliot 1988).  

Eggs are not systematically hatching close 

to or into the root system, therefore ýnding 

host-roots is critical for the survival of the 

ýrst larval instar. Newly hatched larvae follow 

CO2-gradients to locate roots (Strnad and 

Bergman 1987; Bernklau, Fromm et al. 2004).  

Other behavioural experiments indicate that 

6-methoxy-2-benzoxazolinone (Bjostad and 

Hibbard 1992) and long-chain free fatty acids 

(Hibbard, Bernklau et al. 1994) are involved in 

orientation of second instar WCR larvae.  �����Once 

in the root system, these oligophagous larvae 

start feeding.  It has recently been shown 

that a combination of simples sugars and 

free fatty acids act as a feeding stimulant for 

WCR neonates �����������������������������   (Bernklau and Bjostad 2008)��. 

At maturity, the third-instar larva pupates and 

stays in soil as pupa for approximately two 

weeks.  Then the pupa gives rise to an adult 

and the beetle emerges from late June to late 

September depending on location (Governatori, 

Frausin et al. 2002).  Between eggs laying and 

the emergence of adults, as many as 98.9% of 

the individuals die.  The 1.1% surviving adults 

feed on the aboveground part of maize in order 

to get enough energy for mating at the end of 

the season (Kuhlmann and van der Brugt 1998; 
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Toepfer, Zhang et al. 2001) (ýg. 2).

Geographic distribution

WCR is native to Central America from 

where it spread to northern parts of the new 

continent (Branson and Krysan 1981).  WCR 

was introduced into Europe in the 1990s (Baca 

1994; Sivcev, Manojlovic et al. 1994). Observed 

ýrst in Serbia (1992), the beetle quickly spread 

to Hungary (1995), Croatia (1995), Romania 

1 adult female

6 3rd instar larvae

14 2nd instar larvae

200 1st instar larvae

250 diapaused eggs

400 pre-diapaused eggs

470 eggs laid

2.8 emerged adults

Figure 2 Age-speciýc survivingship of WCR in Southern hungary. Modiýed after Toepfer and 
Kuhlmann (2005).
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(1996), Bosnia and Herzegovina (1997), 

Bulgaria (1998), Italy (1998), southern (2000) 

and northern (2003) Switzerland and to many 

other European countries (EPPO 2004) (ýg. 

3).

New evidence resulting from molecular 

studies imply multiple introductions in Europe 

(Miller, Estoup et al. 2005) (ýg. 4).  This 

indicates that the European populations do not 

all originate from the ýrst introduction in Serbia 

and that new colonizations are possible and 

have occurred.

Current control strategies against WCR

Several approaches have been tried to 

control WCR populations, but three strategies 

are mainly used: crop rotation in order to break 

the annual beetle life cycle, soil insecticide 

applications and transgenic BT maize with 

resistance to WCR larval feeding.

Figure 3	 spreading of WCR in Europe until summer 2007. Source: www.eppo.org/QUARANTINE/
Diabrotica_virgifera/diabrotica_virgifera.htm
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The success of crop rotations is limited in 

certain region because of adaptation of WCR.  

Since the beginning of the 90s, problems with 

this technique have been reported in part of 

the US Corn Belt.  Females able to lay eggs 

in soybean and other crop ýelds developed 

after the extensive use of crop rotation (Levine 

and Oloumi 1996; OôNeil, DiFonzo et al. 2002).  

A two-year rotation rhythm can still break the 

cycle and seems to be efýcient for the control 

of WCR (Levine and Oloumi-Sadeghi 1991), 

but due to the apparition of extended diapause 

this approach is losing efýciency (Tollefson 

1988; Levine, Oloumi et al. 1992).  In Europe, 

where WCR reached the economic threshold 

six to eight years after initial infestation, crop 

rotation is still efýcient 

and it is not expected 

that the selection 

pressure is high 

enough to soon result 

in a rotation-resistant 

WCR population (Kiss, 

Komáromi et al. 2005).

Although soil insecticides still work well 

in North America (Boetel, Fuller et al. 1998; 

Sundermeier and Eisley 2001; Viana and 

Marochi 2002; Boetel, Fuller et al. 2003), 

ecological problems are linked to this practice.  

Effects on non-target organisms, like WCR 

predators and humans or on plants themselves 

(chemical reactions can occur between 

insecticides and herbicides and produce 

phytotoxic compounds) (Journey and Ostlie 

2000) and therefore restrictions on application 

have been imposed.

Disruption of early WCR larval instars’ host 

location appears work in reducing Diabrotica 

v. virgifera population.  Bernklau, Fromm et al. 

(2004) increased the level of carbon dioxide 

in soil by adding CO2 generating granules, 

resulting �����������������������������������    in signiýcantly lower root damage.

Transgenic maize lines producing Bacillus 

thurigiensis crystal proteins speciýc to 

Figure 4	 The most likely scenario of invasion 
into Europe of WCR. Gray arrows represnents 
unresolved scenarios. Large areas where WCR is

present are shown in orange. After Miller et. al 
(2005) 
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Chrysomelidae have been the focus of recent 

research in the USA.  Once ingested, these 

crystals turn toxic and seem to be effectove 

against WCR larvae (Moellenbeck, Peters et 

al. 2001; Ellis, Stockhoff et al. 2002; Baum, 

Chu et al. 2004; Hibbard, Vaughn et al. 2005; 

Vaughn, Cavato et al. 2005).  However, the 

Cry3Bb1 Bt toxin, targeted at WCR, has no 

evident effect on WCR adults (Nowatzki, Zhou 

et al. 2006).  This transgenic maize seems to 

have a high speciýcity against WCR larvae and 

its effect against non-target soil organisms is 

low ���������������������������������������     (Al-Deeb and Wilde 2003; Al-Deeb, Wilde 

et al. 2003; Ahmad, Wilde et al. 2005; Ahmad, 

Wilde et al. 2006).

Biological control may be an alternative to 

combat WCR, as a large number of pathogens, 

predators and parasitoids are available to kill 

WCR.  Fungal and bacterial pathogens such 

as Beauveria bassiana (Deuteromycetes) or B. 

thuringiensis (speciýc strains) can be used to 

reduce WCR populations (Krueger and Roberts 

1997; Kuhlmann and van der Brugt 1998).  

Some predatory mites feed on corn rootworm 

eggs, but Stoewen and Ellis (1991) concluded 

that egg predation is not a factor worth pursuing 

for WCR control. Predation by insects does not 

seem to be effective enough to be used in WCR 

management, even if the ant species Lasius 

neoniger (Emery) (Hymenoptera: Formicidae) 

signiýcantly reduces WCR larval population 

(Chiang 1970; Kirk 1981; Governatori, Frausin 

et al. 2002).  Studies on parasitoids belonging 

to the genus Celatoria (Diptera: Tachinidae) 

and Centistes (Hymenoptera: Braconidae) 

show that these organisms are potential control 

agents against corn rootworm (Kuhlmann and 

van der Brugt 1998; Zhang, Toepfer et al. 

2004).

After a two-year study on adults, 

larvae and eggs, no natural enemies of WCR 

described above were found in south-eastern 

Europe except the fungi Beauveria bassiana 

and Metarhizium anisopliae (Toepfer, Zhang et 

al. 2001; Pilz, Wegensteiner et al. 2008).

A promising group of WCR enemies is 

represented by the two nematode families 

Steinernematidae and Heterorhabditidae 

(Nematoda: Rhabditida).  These 

entomopathogenic nematodes (EPN) 

signiýcantly reduced WCR populations in 

laboratory bioassays (ýg. 5).  Although ýeld 

results have been variable (Jackson and 

Brooks 1995; Choo, Lee et al. 1996; Jackson 

1996; Ben-Yakir, Efron et al. 1998; Journey and 

Ostlie 2000; McCoy, Stuart et al. 2002), EPN 
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can play a major role in the biological control 

of corn rootworms (Ehler 1990) and efýciently 

reduce WCR population (Rasmann, Köllner 

et al. 2005; Hiltpold, Baroni et al. in prep.; 

Hiltpold, Toepfer et al. in prep.; Degenhardt, 

Hiltpold et al. in prep.).  Moreover, EPN do 

not adversely affect non-target arthropod 

populations in the medium term (Georgis and 

Gaugler 1991; Bathon 1996). Used worldwide 

as biological agents (Grewal, De Nardo et al. 

2001), it also appears that if they are applied 

in an integrated approach together with certain 

insecticides, their efýcacy in controlling insect 

pests increases (Nishimatsu and Jackson 

1998; Lacey, Frutos et al. 2001).  Similar 

synergies can be expected when EPN are 

used in combination with transgenic plants that 

contain insecticidal proteins.

Entomopathogenic nematodes 
(Heterorhabditis ssp and Steinernema 
feltiae)

Since late 20th century, 

potential and possibilities of 

the use of EPN as biological 

control agents against insect 

pests have been studied 

(e. g. Thurston and Yule 

1990; Barbercheck 1993; Kaya and Gaugler 

1993; Barbercheck and Wang 1995; Choo, 

Koppenhofer et al. 1996; Ellsbury, Jackson 

et al. 1996; Eben and Barbercheck 1997; 

Mortimer, van der Putten et al. 1999; Elliot, 

Sabelis et al. 2000; Journey and Ostlie 2000; 

van Tol, van der Sommen et al. 2001; Boff, 

van Tol et al. 2002).  Out of the two taxonomic 

families of EPN (Steinernematidae and 

Heterorhabditidae), researchers are focussing 

their work on two genera, Steinernema ssp. 

and Heterorhabditis ssp.  As all other known 

EPN, both families carry symbiotic bacteria 

in their guts.  Because of this symbiosis, they 

can, by releasing the bacteria in the body cavity 

of insects, kill their host within 24-48h (Dowds 

and Peters 2002; Lewis 2002) (ýg. 5).  Even 

though EPN infect and kill a broad spectrum of 

arthropod species in laboratory experiments, it 

seems that their non-target effect in the ýeld are 

rather low (Bathon 1996).  In the ýeld, the host 

range of EPN is dependent on the temporal 

Figure 5	 WCR 2nd-instar larva infect by 
H. megidis. The typical red colour is due to the 
presence of the symbiotic bacteria Photorhabdus 
sp.
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and spatial occurrence of potential hosts, as 

well as their distribution, which leads to a more 

restricted host range.  EPN are used in many 

countries in almost all continents, but there are 

no reports that their application (indigenous 

or exotic) signiýcantly affects local non-target 

populations.  Moreover, due to their low potential 

to spread, the impact of nematodes is restricted 

to the application area (Bathon 1996; Grewal, 

Grewal et al. 2002; Puza and Mracek 2005).  In 

addition, EPN exhibit traits that facilitate their 

effectiveness, including their host ýnding ability 

(Boff, van Tol et al. 2002), compatibility with 

conventional agricultural spraying equipment 

(Fife, Ozkan et al. 2005; Laczynski, De Moor et 

al. 2006), compatibility with pesticides (Head, 

Walters et al. 2000), amenability for commercial 

production in large scale liquid culture (Ehlers 

2001) and persistence in natural environment 

(Poinar 1990).

In the early 1990th, only nine Steinernema 

ssp. and three Heterorhabditis ssp. were 

described. Today, more than 50 species of the 

two genera are known.  The enormous increase 

of description shows the interest in this group of 

organisms during the last two decades (Adams, 

Fodor et al. 2006).

The life cycle of EPN (ýg. 6) can be 

subdivided into ýve events: (1) penetration into 

the haemocoel of the potential host, (2) recovery 

into the haemocoel, (3) development to mature 

stage and reproduction, (4) development of new 

infective juveniles (IJs) and (5) host searching 

and host acceptance by IJs (Dowds and Peters 

2002; Forst and Clarke 2002).

Infection starts when EPN enter the host 

through natural openings such as mouth, 

anus or spiracles (Dowds and Peters 2002).  

Heterorhabditid EPN can actively cross the 

cuticle of the host thanks to teeth-like appendices 

(Bedding and Molyneux 1982).  Once EPN have 

passed through the mechanical barriers (e. g. 

sieve plates protecting the spiracles (Forschler 

and Gardner 1991) or avoided crushing by 

insects’ mandibles (Gaugler and Molloy 1981) 

and defence chemicals (e. g. up to 40% of 

invading EPNs can be killed by gut þuids 

(Wang, Campbell et al. 1995)), they still have to 

cross the epithelial membrane of the intestine 

to reach the heamocoel. Heterorhabditid 

nematodes again use their head appendices 

for this ýnal step. There is evidence that 

Steinernematids use enzymes secretions 

that provoke histolysis, allowing penetration 

into the haemocoel (Peters and Ehlers 1994; 

Abu Hatab, Selvan et al. 1995).  Once in the 
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haemocoel EPN have to face the immune 

system of the host.  The immune reaction is 

mainly characterized by encapsulation and 

phagocytosis (Trenczek 1998).  Nematodes 

may resist encapsulation in insects by either 

avoidance of being recognized (evasion, 1), 

by tolerating the encapsulation response 

(tolerance, 2) or by actively suppressing the 

immune response (suppression, 3).  (1) Evasion 

has been reported by Dunphy and Webster 

(1987), who discovered that a lack of non-self 

recognition prevents Steinernema carpocapsae 

from being encapsulated by the wax moth 

Galleria mellonela.  The authors concluded that 

Infective juvenile (IJ )
Foraging strategies

Penetration into the host via 
natural openins or trhough 
the insect cuticle

Penetration into the host 
heamoceol
Interaction with the insect 
immune systeme

Recovery of IJ into the 
heamoceol
Release of the symbiotic 
bacteria

Formation of IJ
Bacteria colonization of IJ's 
gut

Emigration from insect cadaver

J4 stage

J3 stage

J1 stage

J2 stage

Adult reproduction
Eggs deposition

in soil

in insect host

Figure 6	 Life cycle scheme of EPN with both free living IJ stage and stages needing a host to develop. 
J1-4 = 1-4 juvenile stage. IJ = infective juvenile.
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lipid components on the nematode surface are 

responsible for protection against recognition.  

IJs may innately secrete these surface 

components or acquire them from the host 

during penetration.  In Heterorhadbitis ssp., the 

second juvenile stage cuticle plays an important 

role in evasion. Peters and Ehlers (1994) 

suggested that Heterorhadbitis ssp. avoid 

non-self recognition by slipping off the second 

juvenile stage cuticle just before entering the 

insect haemocoel.  (2) Tolerance depends 

on the number of EPN invading a host.  The 

number of nematodes present in the haemocoel 

may overwhelm the immune response (Dowds 

and Peters 2002).  (3) Immune suppression is 

resulting from coating proteins. Some of these 

surface proteins have been shown to reduce 

the number of haemocyte and their ability to 

phagocytose or do decrease the melanization. 

, As bacteria can overcome the insect immune 

system, this EPN resistance strategy mainly 

depends on the duration of the establishment 

of these symbiotic cells (Dowds and Peters 

2002).

Once EPNs are established in their host they 

release their symbiotic bacteria.  The immune 

system of the insect is then reacting mainly by 

phagocytizing these cells.  But as bacteria have 

a high reproductive rate, they can generally 

quickly kill the insect (Forst and Clarke 2002).  

Xenorhabdus and Photorhabdus are the two 

bacterial genera mutualistically associated 

with infective juveniles of Steinernema and 

Heterorhabditis respectively (Boemare 2002).  

While bacteria are killing the insect by releasing 

toxins, they are exuding many other compounds 

as enzymes and antibiotics (Webster, Chen et 

al. 2002).  Enzymes can help to break down the 

host tissues and thus make them available for 

nematode feeding and reproduction (Boemare, 

Ehlers et al. 1996).  The production of antibiotics 

contributes to prevent the colonisation of the 

insect cadaver by bacterial and fungal micro-

organisms, thus keeping the suitability of 

the nematode habitat allowing them to go 

through their life cycle (Ehlers 1996).  Some 

of the symbiotic bacteria are bioluminescent 

(P. luminsecens) (Poinar, Thomas et al. 1980), 

which may help protect the nematode habitat 

as many soil dwelling organisms show negative 

phototrophic behaviour (Ehlers 1996).  

In addition to feeding on degraded host 

tissues the nematodes also eat bacterium 

cells in order to get enough energy to mature 

and mate.  Two reproductive strategies are 

observed (ýg. 7). Heterorhabditis juveniles 
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mature to hermaphrodite females (Burnell 

2002).  This ýrst generation of Heterorhabditis 

females gives rise to a second generation of 

amphimictic males and females and also to 

some hermaphrodite females and IJs (Dix, 

Burnell et al. 1992; Strauch, Stoessel et al. 

1994; Wang and Bedding 1996).  By contrast, 

a Steinernematid juvenile usually matures to 

either a male or an amphimictic female (Burnell 

2002).  However, Grifýn, Callaghan et al. 

(2001) have recently identiýed a hermaphrodite 

strain of Steinernema.  At the end of the 

reproduction cycles, colonization of the new 

IJs by bacteria occurs.  Colonization requires 

speciýc interactions and chemical signalling 

between nematodes and bacteria.  The exact 

nature of the relationship between these 

partners remains poorly understood (Ehlers 

1996; Forst and Clarke 2002).  Once the host 

has been fully exploited, IJs have to leave 

the insect cadaver and search for new hosts.  

Recently, it has been demonstrated that the 

emergence of Steinernema feltiae is triggered 

by the presence of ammonia, a side product 

b) Steinernema life cycle 

1

5

7

6

a)Heterorhabditis life cycle 

1

2

3

4

Figure 7	 The reproductive cycles of a) Heterorhabditis and b) Steinernema entomopathogenic 
nematodes. 1. Infective juveniles; 2. ýrst generation of hermaphrodite females; 3. second generation females 
(can either be amphimictic or hermaphrodite) and rare males; 4. third generation hermaphrodite females and 
rare males; 5. ýrst generation amphimictic females and males; 6. second generation amphimictic females and 
males; 7. third generation amphimictic females and males. Dotted arrows imply some recruitment from an adult 
stage to the infective juvenile stage. Modiýed after Burnel (2002)
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of nematode defection (San-Blas, Gowen et al. 

2008).

Foraging strategies are divided into two 

broad categories: cruise (widely foraging) and 

ambush (sit-and-wait) (Pianka 1966; Schoener 

1971; Eckhardt 1979; Huey and Pianka 1981; 

McLaughlin 1989; Gaugler, Lewis et al. 1997) 

(ýg. 8).  Cruise foragers allocate more of 

their foraging time to scanning for resources-

associated cues when moving through their 

environment (Lewis, Campbell et al. 2006).  

Ambush foragers scan during long pauses in 

a nictation posture (Gaugler, Lewis et al. 1997; 

Lewis, Campbell et al. 2006).  These differences 

are signiýcant because the duration of scanning 

pauses inþuences the types of resources that 

Attach to passing host

Host acceptance

Penetrtation to haemocoel

Nictation Relocation

Ambush forager

Ranging movement through 
soil with no cues

Host contact

Host acceptance

Penetrtation to haemocoel

Detection of 
chemical/physical 

cues

Follow of cue 
gradient

Cruise forager

Figure 8 The order of events that occur during a bout of host ýnding for ambushing and cruising 
nematodes. Modiýded after Lewis (2001).
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the EPN is likely to encounter (Lewis, Campbell 

et al. 2006), and thus the type of pest the IJs 

can target.  Cruise foragers have a higher 

probability of ýnding sedentary and cryptic hosts 

than ambushers, whereas ambush foragers are 

expected to be more effective against highly 

mobile insects (Campbell and Gaugler 1993).  

Extreme ambush and cruise foraging represent 

endpoints of a continuum of foraging strategies, 

rather than a clear dichotomy (Lewis, Campbell 

et al. 2006).  Two of the three EPN species 

used in the current study (H. megidis and H. 

bacteriophora) are considered to be cruisers, 

whereas the third one (S. feltiae) exhibits a less 

clear foraging behaviour.  Cruise foragers range 

through the environment and are attracted to, or 

arrested by, cues that may indicate the location 

of a potential host.  During foraging search, 

cruisers typically respond to volatile cues, or 

cues dissolved in the water ýlm, emanating 

from the host or its immediate environment 

(Lewis, Campbell et al. 2006).  For instance, 

cues emanating from plant roots, a potential 

habitat for hosts, can inþuence EPN behaviour 

(Bird and Bird 1986; Choo, Kaya et al. 1989; Lei, 

Rutherford et al. 1992; Boff, Zoon et al. 2001; 

van Tol, van der Sommen et al. 2001; Neveu, 

Grandgirard et al. 2002).  Chemical signalling 

from root damaged by insect feeding provide 

more speciýc information about the presence of 

potential hosts and these chemical cues have 

been shown to increase attraction and infection 

of pests by H. megidis (Rasmann, Köllner et 

al. 2005; Rasmann and Turlings 2008; Hiltpold, 

Baroni et al. in prep.; Hiltpold, Toepfer et al. 

submitted; Degenhardt, Hiltpold et al. in prep., 

Chap. 1-2 & 4).  Cruiser EPN also respond to 

speciýc cues emitted by the hosts themselves 

(Gaugler and Campbell 1991; Lewis, Gaugler et 

al. 1993; Grewal, Lewis et al. 1994).  Recently, 

response to chemical signalling was extended 

to many Steinernema ssp. that are effective at 

ýnding sedentary hosts (Campbell, Lewis et 

al. 2003).  Once a nematode has reached the 

insect, it must change its behaviour to evaluate 

the suitability of this potential host and to accept 

or not the insect as host.  Host recognition 

and acceptance is also mainly mediated by 

chemical stimuli or by the physical structure 

of the insect tegument sensed by the IJ (for 

review Lewis, Campbell et al. 2006).  Apart 

from various organic compounds, nematodes 

use other suitable signals such as temperature, 

electric potential and carbon dioxide or 

various inorganic compounds (Jansson and 

Nordbringhertz 1979) and vibrations (Torr, 

Heritage et al. 2004).
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As mentioned, chemical-mediated attraction 

of EPN involves chemicals from the host, 

such as faeces volatiles (Grewal, Gaugler et 

al. 1993; Lewis, Gaugler et al. 1993) or other 

speciýc host kairomones (Gaugler, Lebeck et 

al. 1980), and chemicals coming from plants, 

such as CO2 (Gaugler, Lebeck et al. 1980) 

or root and leaf substances (Bilgrami, Kondo 

et al. 2001).  Until recently, no speciýc plant 

attractant for EPN attraction towards insect 

hosts were known (Kaya 1990; Boff, Zoon 

et al. 2001).  It was common knowledge that 

nematode orient to the unspeciýc signal 

carbon dioxide (Gaugler, Lebeck et al. 1980).  

However, it is unlikely that such a common 

compound can be unequivocally exploited by 

nematodes foraging for speciýc hosts.  It was 

hypothesised by van Tol, van der Sommen et 

al. (2001) that plants can produce inducible 

compounds attractive for cruiser nematodes.  

This hypothesis was conýrmed when H. 

megidis was found to be attracted towards 

weevil-infected strawberry roots (Boff, Zoon et 

al. 2001).  Based of these results, Rasmann, 

Köllner et al. (2005) conducted a study in 

which they identiýed a belowground signalling 

compound emitted by maize roots damaged by 

WCR, the sesquiterpene (E)-β-caryophyllene.

The central theme of this thesis focuses 

on this speciýc belowground signal and the 

understanding of the tritrophic interaction 

between maize, the WCR and EPN. Such 

knowledge seems essential to fully exploit 

the biological control potential of EPN against 

belowground pests.
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The present study addresses the following questions:

Why (E)-β-caryophyllene is such a good belowground signal? (Chapter I)

The release by the roots of only one dominant compound in response to herbivory (Rasmann, 

Köllner et al. 2005; Rasmann and Turlings 2008) contrasts strongly with insect-damaged maize 

leaves, which release a complex blend of green leaf volatiles, aromatic compounds, and various 

terpenoids (Degen, Dillmann et al. 2004).  This difference between roots and leaves VOC emission 

can be the consequence of the chemical properties of EβC, which might make it particularly suitable 

for belowground diffusion.  In Chapter I, the diffusion of EβC was tested and compared with those 

of other typical maize volatiles that a root could potentially emit when attacked.  In addition, the soil 

moisture impact on EβC diffusion was assed.

Is manipulation of trophic levels feasible in the context of belowground tritrophic systems 

exploitation in a biological control strategy? (Chapters II & V)

Plants emit blends of VOC in response to being damaged by herbivorous insects (Paré and 

Tumlinson 1999).  These emissions have been proposed to serve a variety of physiological and 

ecological functions (Dudareva, Negre et al. 2006), including an indirect defence function through 

the attraction of natural enemies of the herbivores (Turlings, Tumlinson et al. 1990; De Moraes, 

Lewis et al. 1998; Dicke and Sabelis 1998; Hilker, Kobs et al. 2002).  It has been conýrmed that 

inducible volatiles attract natural enemies under ýeld conditions (Bernasconi, Turlings et al. 1998; 

De Moraes, Lewis et al. 1998; Thaler 1999) and thus can help plants to reduce the damage inþicted 

by the herbivores (Kessler and Baldwin 2001). A speciýc enhancement of volatile signals in crop 

plants has been suggested to increase the effectiveness of predators and parasitoids as biological 

control agents (Bottrell and Barbosa 1998; Degenhardt, Gershenzon et al. 2003; Aharoni, Jongsma 

et al. 2005; Pickett, Bruce et al. 2006; Turlings and Ton 2006).  Laboratory studies with genetically 

modiýed volatile emissions in model plants have provided the ýrst evidence that this approach has 

potential (Kappers, Aharoni et al. 2005; Beale, Birkett et al. 2006; Schnee, Kºllner et al. 2006; Cheng, 

Xiang et al. 2007).  In Chapter II, the manipulation of the ýrst trophic level, i.e. the maize plant, was 
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tested in the laboratory and in the ýeld.  The aim of this study was to evaluate the restorability of 

the EβC emission of a non-producing maize variety. Chapter V aimed to test the manipulation of 

the third trophic level, i.e. the nematodes as natural enemies, by selecting EPN for an improved 

responsiveness to EβC. Tests were conducted in the laboratory as in the ýeld.

Is the virulence of EPN affected by the different WCR development stages? (Chapter III)

From egg hatching to the adult stage, WCR go through three different larval stages and one 

pupae instar.  This implicates many differences in morphological structures and behaviour.  Several 

studies have shown an effect of the host developmental stage on the efýcacy of EPN (Peters and 

Ehlers 1994; Chyzik, Glazer et al. 1996; Ebssa, Borgemeister et al. 2001), however such information 

was not completely available for WCR.  This study aimed to compare the susceptibility of each larval 

instar and the pupae of WCR to three promising and commercially available EPN strains (Toepfer, 

Gueldenzoph et al. 2005). Standard bioassays involving EPN applications in sand (Peters 2005) or 

soil-ýlled trays containing WCR larvae and pupae were used to assess EPN-induced mortality of the 

different pest life stages. The use of semi-natural conditions i.e. soil-ýlled trays, allowed determination 

of optimal EPN application timing relative to WCR phenology. This information will be critical for the 

development of an effective nematode-based biological control product.

How different species of nematodes react to different belowground signal blends in the ýeld? 

(Chapter IV)

Whilst EPN respond to chemical signals, not all maize plants emit the same volatile blends.  

Commercial maize varieties show large intraspeciýc variation in both the qualitative and quantitative 

release of VOCs (Gouinguené, Degen et al. 2001; Degen, Dillmann et al. 2004) and these differences 

have been shown to be important for the recruitment of EPNs in the laboratory and the ýeld (Rasmann, 

Köllner et al. 2005 and Chapter 1).  It is imperative to assess the inþuence of these differences on the 

biological control abilities of EPN in the ýeld.  Therefore, the aim of the Chapter 4 was to investigate 

the inþuence of the VOC blends of two commercial maize varieties (one with EβC emission, the 

second without) on the efýcacy of three promising EPN species (H. bacteriophora, H. megidis and 

S. feltiae) against WCR larvae under ýeld conditions (Toepfer, Gueldenzoph et al. 2005).  Moreover, 

the timing of EPN application was examined in order to link it to the control efýcacy of WCR.
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