
Multitrophic effects of plant resistance:  

 

from basic ecology to application in  

transgenic crops 

 

 

Martine Kos 



Thesis committee 

 

Thesis supervisors 

Prof. dr. M. Dicke 

Professor of Entomology  

Wageningen University 

 

Prof. dr. L.E.M. Vet 

Professor of Evolutionary Ecology 

Wageningen University 

 

Thesis co-supervisor 

Dr. ir. J.J.A. van Loon 

Associate Professor at the Laboratory of Entomology 

Wageningen University 

 

Other members: 

Prof. dr. ir. W.H. van der Putten, Wageningen University 

Prof. dr. N.M. van Straalen, VU University Amsterdam 

Dr. T.J. de Jong, Leiden University 

Prof. dr. ir. N.M. van Dam, Radboud University Nijmegen 

 

 

This research was conducted under the auspices of the Graduate School of 

Experimental Plant Sciences. 



Multitrophic effects of plant resistance:  

 

from basic ecology to application in  

transgenic crops 

 

 

Martine Kos 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis 

submitted in fulfilment of the requirements for the degree of doctor 

at Wageningen University 

by the authority of the Rector Magnificus 

Prof. dr. M.J. Kropff, 

in the presence of the 

Thesis Committee appointed by the Academic Board 

to be defended in public 

on Friday 16 March 2012 

at 4 p.m. in the Aula.  



Martine Kos 

Multitrophic effects of plant resistance: from basic ecology to application in 

transgenic crops, 

303 pages. 

 

Thesis, Wageningen University, Wageningen, NL (2012) 

With references, with summaries in Dutch and English 

 

ISBN 978-94-6173-206-4 



An understanding of the natural world and what's in it is a source of not only a 

great curiosity but great fulfilment. 

 

 

        - David Attenborough 

https://webmail.wur.nl/owa/redir.aspx?C=7582608d4f2540f4bed52c78217354b9&URL=http%3a%2f%2fwww.brainyquote.com%2fquotes%2fquotes%2fd%2fdavidatten214855.html


 6 

Abstract 

 

Plants have evolved a wide array of direct and indirect resistance traits that 

prevent or reduce herbivory by insects. The aim of this thesis was to study the 

effects of direct and indirect plant resistance traits on the multitrophic 

interactions between brassicaceous plants, leaf-chewing and phloem-sucking 

aboveground herbivores and their natural enemies, parasitoids and predators. 

Brassica oleracea cultivars and Arabidopsis thaliana ecotypes were used that 

differ in production of glucosinolates or emission of volatiles, secondary plant 

chemicals acting in direct and indirect resistance respectively. There was a 

considerable intraspecific variation in the multitrophic effects of plant 

resistance traits in both plant species. In the field, bottom-up forces (plant 

chemistry and morphology) appeared more important for herbivore abundance 

than plant-mediated top-down forces (attraction and arrestment of natural 

enemies). Under greenhouse conditions, glucosinolates affected the 

performance of herbivores and that of their natural enemies. The performance 

of both a generalist and a specialist caterpillar was negatively correlated with 

glucosinolates in the plant, whereas that of a parasitoid of the specialist 

caterpillar was positively correlated with glucosinolates. Performance of a 

specialist aphid was positively correlated with phloem glucosinolates, and the 

aphid selectively sequestered these glucosinolates. Glucosinolates and their 

volatile hydrolytic products correlated negatively with the performance and 

behaviour of one of the predators of this aphid, but positively with that of one 

of its parasitoids. These results suggest that direct and indirect resistance 

traits can be in conflict, but they can also work in concert to enhance 

resistance to herbivores, depending on the biology of the herbivore and 

carnivore involved. Transgenic A. thaliana plants engineered to emit larger 

amounts of volatile terpenoids repelled the aphid, attracted the parasitoid, but 

did not affect predator behaviour.  

These fundamental ecological results provided the background 

information required to strengthen ecological risk analysis for transgenic plants 

in the framework of the programme óEcology Regarding Genetically modified 

Organismsô funded by the Dutch government. The effects of transgenic plants 

on non-target organisms were compared with the baseline variation in the 

effects on non-target organisms that exists among conventional varieties or, in 

the case of A. thaliana, wild ecotypes. Four B. oleracea cultivars and three A. 

thaliana ecotypes were selected to represent the baseline variation. The 
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baseline variation in effects on target and non-target organisms was relatively 

consistent over different environments, soil types and time. The effects of 

transgenic A. thaliana plants altered in direct and indirect resistance on non-

target organisms were mostly within the baseline variation in these effects. 

Finally, the knowledge gained was applied to develop guidelines for 

governmental regulators that can be used to assess the potential ecological 

effects of transgenic crops on non-target organisms, in relation to baseline 

variation.  
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ñI am tempted to give one more instance showing how plants and animals, 

remote in the scale of nature, are bound together by a web of complex  

relations.ò 

 

Charles Darwin - On the origin of species by means of natural selection (1859) 

 

1.1 Multitrophic interactions 

Green plants make up the largest part of all biomass in terrestrial ecosystems. 

Insects have the most species of any class of organisms on our planet, and 

about half of the known insect species are herbivorous. The interactions 

between plants and insects are therefore among the most common 

interactions in ecosystems, and plants and insects have been evolving 

together for over one hundred million years (Schoonhoven et al. 2005). 

However, the interactions between plants and insects cannot be fully 

understood without considering the third trophic level: the natural enemies of 

herbivores (Price et al. 1980). Carnivorous natural enemies can have large 

effects on the structure and dynamics of herbivore communities via predator-

prey interactions. They may also, indirectly, influence the abundance of plant 

species (Schmitz et al. 2000; Halaj and Wise 2001). In reverse, effects of 

plants on herbivores can ócascade upô the food web and determine species 

diversity and population dynamics at higher trophic levels (Hunter and Price 

1992; Bukovinszky et al. 2008). Although often studied separately, insect 

communities are structured by complex interactions between these bottom-up 

(resource-based) and top-down (natural enemy-based) forces (Hunter and 

Price 1992; Forkner and Hunter 2000; Dicke and Hilker 2003; Aquilino et al. 

2005). 

Plants play an essential role in mediating the interactions between a 

multitude of organisms. Their traits can affect not only the herbivores that feed 

on the plant, but also the natural enemies of these herbivores, and even 

organisms at the fourth trophic level (Hunter and Price 1992; Harvey et al. 

2003; Soler et al. 2005; Bukovinszky et al. 2008). Plants can also mediate the 

interactions between insects at higher trophic levels, such as the larvae of 

different parasitoid species (Poelman et al. 2011). Furthermore, plants function 

as essential links between aboveground and belowground organisms (van der 

Putten et al. 2001; Wardle et al. 2004b; Bezemer et al. 2005; Bezemer and 

van Dam 2005). For example, damage by belowground herbivores may 

change the chemistry of the plant and, thereby, influence the performance and 
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behaviour of aboveground carnivores (Soler et al. 2005; Soler et al. 2007).  

A wide array of direct and indirect plant resistance traits that prevent 

or reduce herbivory by insects has evolved. These traits can affect the 

performance or behaviour of herbivores directly by chemical means, such as 

the production of toxins, repellents and digestibility reducers, or by physical 

means, such as the production of trichomes and epicuticular waxes (Karban 

and Baldwin 1997; Schoonhoven et al. 2005). Plants may maintain a large 

variation in the production of chemicals to confer resistance to many different 

attackers (Jones and Firn 1991; Newton et al. 2009b; Poelman et al. 2009b), 

and might not suffer from trade-offs between the different chemical resistance 

traits (Koricheva et al. 2004). 

Plants can also affect herbivores indirectly, by promoting the 

effectiveness of natural enemies that feed on these herbivores. For example, 

plants can provide natural enemies with refuges or alternative food sources 

such as extrafloral nectar (Heil 2008; Kessler and Heil 2011). Plants can also 

emit herbivore-induced volatile organic compounds (VOCs) that attract natural 

enemies of herbivores to the plant (Turlings et al. 1990; Vet and Dicke 1992; 

Takabayashi et al. 2006; Dicke and Baldwin 2010; Shiojiri et al. 2010; Hare 

2011; Kessler and Heil 2011). VOCs can be reliable cues indicating the 

presence of suitable hosts or prey for the natural enemies of herbivores (Vet 

and Dicke 1992; Dicke 1999a; Takabayashi et al. 2006). In some cases, 

natural enemies have an innate preference for the VOC blend induced by their 

host or prey, whereas in other cases natural enemies have to learn the 

association between the VOC and the presence of the host or prey (reviewed 

in Takabayashi et al. 2006). VOCs also play roles in interactions with other 

community members such as herbivores, pathogens, pollinators, and 

neighbouring plants (Dicke and van Loon 2000; Bruinsma and Dicke 2008; 

Dicke and Baldwin 2010; Kessler and Heil 2011).  

Direct and indirect resistance mechanisms can be constitutive, i.e. 

expressed independently of the presence of an attacker, or they can be 

induced upon feeding or oviposition by herbivores (Karban and Baldwin 1997; 

Dicke and Hilker 2003; Schoonhoven et al. 2005; Hilker and Meiners 2011; 

Karban 2011). Induced resistance can be beneficial for the plant by saving 

costs when attackers are absent, and it allows the plant to respond specifically 

to certain attackers (Karban and Baldwin 1997; Dicke and Hilker 2003; 

Schoonhoven et al. 2005). 
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There is variation in plant resistance traits, not only between plant 

species, but also within plant species. It has been shown that intraspecific 

variation in plant resistance traits can have large effects on insect communities 

(Crutsinger et al. 2006; Johnson et al. 2006; Newton et al. 2009b; Poelman et 

al. 2009b). For example, differences in concentrations of secondary 

metabolites among wild plant populations or cultivars can affect the 

abundance of insect herbivores, and consequently the abundance of their 

natural enemies (Whitham et al. 2003; Bukovinszky et al. 2008; Newton et al. 

2009b; Poelman et al. 2009b). Furthermore, intraspecific differences in quality 

or quantity of plant volatile blends can result in differential attraction of natural 

enemies of herbivores (Agrawal et al. 2002; Hoballah et al. 2002; Rasmann et 

al. 2005; D'Alessandro et al. 2006; Gols et al. 2009; Poelman et al. 2009a). 

With some exceptions (see Sznajder and Harvey 2003; Reudler 

Talsma 2007; Gols and Harvey 2009 and references therein), direct and 

indirect resistance strategies are mostly studied independently, disregarding 

the potential evolutionary conflict between them (Fig. 1.1). For example, 

secondary plant metabolites that confer direct resistance to herbivores can 

also negatively influence the performance of the natural enemies of these 

herbivores, either directly due to toxicity of the compounds, or indirectly due to 

reduced growth and development of their host or prey (Harvey 2005; Soler et 

al. 2005; Ode 2006; Gols and Harvey 2009). On the other hand, volatile 

breakdown products of secondary plant metabolites can attract natural 

enemies of herbivores because they indicate the presence of their host or prey 

(Bradburne and Mithen 2000; Blande et al. 2007; Mumm et al. 2008), resulting 

in a dual defensive role of these secondary metabolites.  

 

To understand the effects of direct and indirect plant resistance traits on the 

insect community, it is important to study the multitrophic effects of these traits. 

The aim of this thesis was to study the effects of direct and indirect plant 

resistance traits on the multitrophic interactions between plants, aboveground 

herbivores and their natural enemies. The following fundamental ecological 

research objectives were developed: 

1) To study the effects of direct and indirect plant resistance traits on 

herbivores with different feeding strategies and/or levels of 

specialisation; 

2) To study the effects of the same direct and indirect plant resistance 

traits on predators and parasitoids; 
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A multidisciplinary approach, combining both chemical (plant and insect 

chemistry) and ecological (performance, abundance and behaviour of insects 

aspects, was used to address these objectives under controlled greenhouse 

and laboratory conditions, as well as under natural field conditions. 

Fig. 1.1 The multitrophic effects of plant resistance traits. Direct plant resistance traits, 

such as toxic secondary metabolites or hairs, affect the performance or behaviour of 

herbivores directly. Indirect resistance traits, such as the emission of herbivore-induced 

volatiles or the provision of alternative food or shelter, promote the effectiveness of 

natural enemies. Secondary plant metabolites that confer resistance to herbivores 

might also negatively affect the natural enemies of these herbivores, potentially leading 

to an evolutionary conflict between direct and indirect plant resistance. Insect drawings 

by Cindy ten Broeke.  
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As discussed, plants that possess natural resistance traits can affect the 

natural enemies of attacking herbivores as well. Similarly, plants that are 

genetically engineered for an enhanced direct or indirect resistance against 

pest herbivores may also exhibit traits that affect the natural enemies of these 

herbivores. Therefore, information on the multitrophic effects of plant 

resistance traits is essential in studying the ecology of such transgenic plants. 

In this thesis, the ecological effects of transgenic plants on natural enemies of 

herbivores are addressed, and the knowledge that is gained during the 

fundamental ecological studies is applied in this respect. 

 

1.2 Transgenic crops 

Transgenic plants are genetically engineered to contain DNA from an 

organism belonging to a different species (if the DNA is endogenous to the 

plant species, the plants are called cisgenic plants, but in this thesis the term 

ótransgenicô will be generically used for genetically modified plants). 

Transgenic plants can contain genes that confer resistance to insects, 

pathogens, herbicides or abiotic stresses, or genes that improve the nutritional 

value, storability or flavour (Nap et al. 2003). These traits can be attained 

much faster by genetic engineering than by conventional breeding programs. 

Farmers can gain benefits from growing insect-resistant transgenic crops, 

such as a reduction in production costs due to reduced pest management and 

labour, and yield increases due to reduced pest damage (Kalaitzandonakes 

1999). Since their first commercialisation in the mid 1990s, the cultivation of 

transgenic crops has increased enormously, from 2 million hectares in 1996 to 

148 million hectares in 2010 (James 2010). At present, all commercially 

available insect-resistant transgenic crops are aimed at direct resistance 

against pests, and all of these express genes coding for Bacillus thuringiensis 

(Bt) toxins that negatively affect specific herbivores (Aronson and Shai 2001; 

Chen et al. 2008). Transgenic crops with enhanced attraction of natural 

enemies of pest herbivores are not yet commercially available. 

 

1.2.1 Ecological risks of growing transgenic crops 

With the rapid global increase in the cultivation of transgenic crops and the 

many new biotechnological developments, a discussion on the urgency of 

obtaining insight in the ecological effects of transgenic crops arose. This 

ecological knowledge was considered essential in the assessment of the 

environmental risks of transgenic crops, but the acquisition of the data lagged 
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behind the biotechnological developments (Schuttelaar & Partners et al. 2004). 

Several ecological issues have to be considered before introducing transgenic 

crops into the environment (Conner et al. 2003; Dutton et al. 2003; Scholte 

and Dicke 2005; Snow et al. 2005; Romeis et al. 2006). The concerns relate to 

the invasion of transgenic crops into natural habitats, hybridization of the 

transgenic crops with wild relatives, horizontal gene transfer, development of 

resistance in target organisms and effects on non-target organisms (Conner et 

al. 2003; Snow et al. 2005). In this thesis, the target organism is defined as the 

organism to which the transgene is aimed to confer resistance, whereas the 

non-target organism is defined as any organism associated with the crop that 

is not the intended target of the transgenic crop. Of the ecological concerns, 

the potential negative effects on non-target organisms are of major importance 

(Groot and Dicke 2002; Romeis et al. 2008a). Effects of transgenic plants on 

non-target organisms can be due to the intended effects of the transgenic 

crop, e.g. as a result of the toxic effects of the Bt-toxin produced by Bt-crops 

(Groot and Dicke 2002; Clark et al. 2005). However, transgenic crops can also 

have effects caused by unintended changes in the metabolism and physiology 

of the transgenic plant (Dutton et al. 2003; Snow et al. 2005; Birch et al. 2007), 

such as lower glucosinolate levels in transgenic canola compared to 

conventional lines (Daun 2004), and higher lignin content in several 

commercial varieties of Bt-corn (Saxena and Stotzky 2001). Such unintended 

changes may only become clear under specific environmental conditions 

(Birch et al. 2007).  

 

1.2.2 The ERGO-project 

European Union (EU) regulatory bodies require detailed environmental risk 

assessments (ERAs) before they permit the introduction of a transgenic crop 

into the agro-ecosystem. Because in the EU transgenic plants are seen as 

new entities, risk assessments for transgenic crops are different from standard 

risk assessments that apply to conventional plant protectants in that they 

require the evaluation of potential adverse effects of the introduction of the 

transgenic crops on the environment (European Community 2001). However, 

at the start of this thesis project in 2007, the EU did not provide clear 

guidelines with regard to how such ecological risk assessments should be 

carried out.  

The Dutch government considered it problematic that there is a lack of 

ecological knowledge on transgenic crops and of clear guidelines for ERAs. 
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Therefore, in 2007, the Dutch government fostered a research programme 

aimed at strengthening the ecological risk analysis for transgenic plants: the 

ERGO (Ecology Regarding Genetically modified Organisms) programme. The 

main objective of the ERGO-programme is to study the ecology of transgenic 

crops to be able to develop ecology-based guidelines for assessing the 

ecological effects of new transgenic crops. The ERGO-programme is based on 

three desktop studies by the Dutch Advisory Commission on Genetic 

Modification (COGEM) (Groot et al. 2003; Knols and Dicke 2003; Kowalchuk 

et al. 2003), and encompasses three fields of special interest:  

1) Multitrophic interactions in transgenic crops; 

2) Effects of hybridisation and introgression between crops and wild 

relatives; 

3) Effects of transgenic crops on the functioning of soil ecosystems.  

 

One of the projects within the ERGO-programme links the first and the third 

field of interest and focusses on the ecological effects of transgenic crops on 

aboveground and belowground non-target organisms. The current thesis 

results from this project. The aim of the project is: ñDevelopment of an 

ecological method to evaluate the effects of transgenic crops, altered in direct 

and indirect plant resistance traits, on non-target organisms in relation to 

baseline informationò. The baseline information refers to the variation in the 

effects on non-target organisms that already exists among conventional 

varieties of the crop species. The project involves three PhD-students. PhD-1 

(this thesis) focusses on aboveground non-target organisms, PhD-2 focusses 

on belowground non-target organisms (Kabouw 2012), and PhD-3 focusses on 

the characterisation of direct and indirect plant resistance traits (Houshyani 

2012).  

 

In accordance with the general aim of the ERGO-programme, the applied 

research objectives of this thesis are: 

1) To assess baseline variation in effects of direct and indirect plant 

resistance traits on aboveground non-target organisms; 

2) To compare the baseline variation with effects of transgenic plants 

altered in direct and indirect resistance traits on non-target organisms to 

assess whether transgenic effects exceed baseline variation; 

3) To assess the validity of using greenhouse experiments to predict non-

target effects in the field; 
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4) To develop guidelines for regulators to assess the effects of transgenic 

crops on non-target organisms in relation to baseline information, a 

combined effort with the other two PhD-students (Houshyani 2012; 

Kabouw 2012). 

The information on the interactions between plants and insects that will be 

gained during the fundamental ecological studies is considered essential to 

address these applied objectives.  

 

1.2.3 The baseline variation 

Conventionally bred varieties of a crop species display a certain range of 

variation in the effects on non-target organisms. This variation can potentially 

be larger than the variation between one transgenic crop and the original 

genotype into which the transgene was introduced (the isogenic line). To 

properly assess the ecological effects of a transgenic crop, it is necessary to 

represent the óbaseline variationô: the variation in effects observed among a 

selection of non-transgenic varieties, across sets of environmental conditions. 

By comparing the effects of the transgenic crop with this baseline variation, it 

is possible to assess whether the transgenic plant is disproportionally affecting 

non-target organisms compared to the varieties that were produced by 

traditional breeding. For a proper representation of the baseline variation, 

fundamental ecological knowledge on the interactions between plants and 

insects in the study system is required. 

 

1.3 The study system  

1.3.1 Plant material 

This thesis focusses on plants of the family Brassicaceae. This family contains 

important crops such as cabbage, broccoli, cauliflower, turnip, mustards and 

oilseed rape, as well as the model plant Arabidopsis thaliana (L.) Heynh. 

Brassicaceous plants, also known as crucifers, produce several compounds 

that are involved in direct and indirect plant resistance, such as glucosinolates, 

their volatile breakdown products and other VOCs (van Poecke and Dicke 

2004; Bukovinszky et al. 2005; Hopkins et al. 2009; Shiojiri et al. 2010). 

Glucosinolates (GLS) are among the best-studied secondary plant 

metabolites. Upon tissue damage, the GLS that are stored in the vacuoles 

become exposed to the enzyme myrosinase, which is stored separately in 

special cells. As a result of the myrosinase activity, GLS are hydrolysed into 

several toxic compounds such as (iso)thiocyanates and nitriles. These 
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breakdown products negatively affect a wide variety of generalist herbivores 

(Bones and Rossiter 2006; Halkier and Gershenzon 2006; Hopkins et al. 

2009). Specialist herbivores of Brassicaceae, however, have evolved specific 

adaptations to detoxify GLS or inhibit the formation of toxic (iso)thiocyanates 

(Ratzka et al. 2002; Wittstock et al. 2004), sequester GLS (Francis et al. 

2001b; Kazana et al. 2007; M¿ller 2009), or use GLS and their hydrolysis 

products as oviposition or feeding stimulants (van Loon et al. 1992; Gabrys 

and Tjallingii 2002; Miles et al. 2005). GLS can also affect the natural enemies 

of herbivores (reviewed in Gols and Harvey 2009). For example, GLS from the 

plant can negatively affect the performance of parasitoids and predators that 

feed on herbivores of brassicaceous plants (Francis et al. 2001b; Vanhaelen et 

al. 2002; Sznajder and Harvey 2003; Soler et al. 2005). Furthermore, volatile 

breakdown products of GLS act as attractive compounds to several specialist 

parasitoids of herbivores that feed on GLS-containing plants (Bradburne and 

Mithen 2000; Blande et al. 2007; Mumm et al. 2008). Brassicaceous plants 

also emit other classes of VOCs that are involved in the attraction of natural 

enemies, such as terpenoids and green leaf volatiles (Mumm and Dicke 2010; 

Shiojiri et al. 2010).  

The Brassicaceae plant family exhibits a large variation in direct and 

indirect resistance traits, providing an ideal system to address the fundamental 

and applied objectives of this thesis. In wild cabbage (Brassica oleracea L.), 

for instance, centuries of breeding have resulted in a large number of varieties, 

also called cultivars, that differ in the biosynthesis of GLS (Kushad et al. 1999; 

Gols et al. 2008b; Poelman et al. 2009b; Kabouw et al. 2010b) and the 

attraction of natural enemies (Chin and Lindsay 1993; Geervliet et al. 1997; 

Kalule and Wright 2004; Poelman et al. 2009a). The Laboratory of Entomology 

has a long history in studying Brassicaceae-insect interactions (see e.g. the 

theses of Geervliet 1997; Vos 2001; Broekgaarden 2008; Bruinsma 2008; Gols 

2008; Poelman 2008; Yang 2008; Snoeren 2009). Based on the results of two 

previous PhD-theses (Broekgaarden 2008; Poelman 2008), four white 

cabbage cultivars (B. oleracea L. convar. capitata var. alba) that differ in their 

direct and indirect resistance to herbivores were selected. These four cultivars 

were used to represent the baseline variation in effects of resistance traits of 

cultivated plants on herbivores and their natural enemies.  

Because it is easily transformed and has a short lifecycle (Aharoni et 

al. 2003), the model plant A. thaliana was selected for the genetic 

transformations. Different A. thaliana ecotypes have been shown to differ in 
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production of GLS and VOCs (Kliebenstein et al. 2001; Huang et al. 2010; 

Snoeren et al. 2010; Houshyani et al. 2012). Based on the results reported in 

the thesis of Houshyani (2012), three A. thaliana ecotypes were selected to 

represent the baseline variation in effects of resistance traits of non-crop 

plants on herbivores and their natural enemies.  

This baseline variation could then be compared with the effects of 

genetically transformed A. thaliana lines with enhanced direct or indirect 

resistance against herbivores. 

 

1.3.2 Selection of non-target species 

For pragmatic reasons, this thesis focusses on one specific group of non-

target organisms: the carnivorous arthropods (predators and parasitoids). 

Toxic effects of transgenic crops on these non-target organisms are a major 

concern because these carnivores are the natural enemies of (possible) pest 

species and play an important role in natural pest regulation (Groot and Dicke 

2002; Dutton et al. 2003; Romeis et al. 2006; van Lenteren 2008; Gagic et al. 

2011; van Lenteren 2012). Furthermore, natural enemies are likely to get 

exposed to the transgenic product if they feed on herbivores that fed on the 

transgenic plant. These are important criteria for selecting non-target 

organisms that should be included in risk assessments (Bruinsma et al. 2003; 

Dutton et al. 2003; Andow and Hilbeck 2004; Scholte and Dicke 2005; Andow 

and Zwahlen 2006; Birch et al. 2007; Prasifka et al. 2008; EFSA 2010).  

Natural enemies belonging to different functional groups that differ in 

their feeding strategy, i.e. predators and parasitoids (Table 1.1), were 

selected, because these are expected to be differentially affected by 

(herbivore-mediated) plant resistance traits. Most predators kill their prey 

immediately and feed on multiple prey individuals during their development. 

Parasitoids, on the other hand, develop inside a single host individual and 

koinobiont parasitoids, which attack hosts that continue to feed and grow after 

parasitism, feed selectively on certain host tissues (Godfray 1994; Harvey 

2005). Natural enemies of phloem-feeding herbivores (aphids), as well as 

natural enemies of leaf-chewing herbivores (caterpillars), were selected (Table 

1.1), because these herbivores have different feeding strategies and are 

therefore expected to be differentially affected by plant resistance traits. 

Because this thesis focuses on brassicaceous plants, the selected non-target 

species and their host or prey items were chosen to be naturally associated 

with brassicaceous plants. 
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1.3.3 Selection of traits and environments 

The multitrophic effects of plant resistance traits were studied under natural 

conditions in the field, as well as under controlled greenhouse and laboratory 

conditions. Due to legislative constraints on field testing of transgenic plants, 

transformed A. thaliana lines could only be studied in the laboratory. In the 

field, the population dynamics of the insects on the different white cabbage 

cultivars were determined by recording the abundance of each of the species 

on a weekly basis. The attraction of the natural enemies towards the white 

cabbage cultivars was determined by quantifying the parasitisation of 

herbivores and predator oviposition on the plants. In the greenhouse and the 

laboratory, the performance of the selected insect species on the white 

cabbage cultivars and/or on the wild-type and transformed A. thaliana lines 

  Natural enemy Level of  
specialisation 

Provided host or prey Level of  
specialisation 

Parasitoid 
(koinobiont) 

Diadegma semiclausum 
Hell®n (Hymenoptera: 
Ichneumonidae) 

Specialist Plutella xylostella L. 
(Lepidoptera:  
Yponomeutidae) 

Specialist 

  Diaeretiella rapae  
McIntosh 
(Hymenoptera:  
Braconidae) 

Generalista 
  

Brevicoryne brassicae L. 
(Hemiptera: Aphididae) 

Specialist 

  Hyposoter ebeninus 
Gravenhorst 
(Hymenoptera:  
Ichneumonidae) 

Unknownb Pieris rapae L. 
(Lepidoptera: Pieridae) 

Specialist 

Predator Chrysoperla carnea  
Stephens (Neuroptera: 
Chrysopidae) 

Generalist Brevicoryne brassicae L.  
Myzus persicae Sulzer 
(Hemiptera: Aphididae) 

Specialist 
Generalist 
  

  Episyrphus balteatus  
de Geer (Diptera:  
Syrphidae) 

Generalist Brevicoryne brassicae L. 
Myzus persicae Sulzer 
(Hemiptera: Aphididae) 

Specialist 
Generalist 

Table 1.1 Selected species of natural enemies and the host or prey species that was 

provided to them in the studies described in this thesis 

a Although D. rapae parasitizes many aphid species (Pike et al. 1999), it is considered 

a specialist of aphids feeding on brassicaceous plants (Blande et al. 2004) and it is the 

main parasitoid of B. brassicae (Bukovinszky et al. 2008). b There is not much known 

about the number of host species of H. ebeninus. In the scientific literature P. rapae 

and P. brassicae are reported as host species (see e.g. Harvey et al. 2010). 
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was determined. This was done by measuring their survival (or the percentage 

of successful parasitism in the case of parasitoids), development time and 

adult weight. For aphids, also the number of offspring was measured, in order 

to calculate the estimated intrinsic rate of population increase (rm). The 

behaviour of the insect species was determined by recording their attraction 

towards a plant in two-choice bioassays. 

 

1.4 Thesis outline 

In the introductory Chapter 2 the value of transgenic plants as components of 

Integrated Pest Management is discussed. The remainder of the thesis is 

divided into two main parts. The results from the fundamental studies on the 

multitrophic effects of plant resistance traits are discussed in Part I. In Part II, 

the step from basic ecology towards application in assessing the ecological 

effects of transgenic crops is made. 

 

Part I: Multitrophic effects of plant resistance 

Chapters 3-5 focus on the effects of intraspecific variation in resistance traits 

of B. oleracea on herbivores and their natural enemies. Four white cabbage 

cultivars that differ in direct and indirect resistance traits were used to study 

their effects on several herbivorous and carnivorous insect species under both 

greenhouse and field conditions. 

 

In Chapter 3, the prey-mediated effects of GLS on aphid predators were 

studied under greenhouse conditions. Two predator species (E. balteatus and 

C. carnea) were fed either a GLS-sequestering specialist aphid (B. brassicae), 

or a non-sequestering generalist aphid (M. persicae) that excretes GLS in the 

honeydew, reared on four different white cabbage cultivars. Chemical 

analyses of host-plant phloem as well as the aphids feeding on this phloem 

were performed to correlate predator performance with plant and aphid 

chemistry. 

 

Chapter 4 describes the relative importance of plant-mediated bottom-up and 

top-down forces on herbivore abundance in the field. During two field seasons, 

the population dynamics of several herbivorous (P. xylostella and B. 

brassicae) and carnivorous (E. balteatus, C. carnea, D. rapae and D. 

semiclausum) insect species were recorded on four white cabbage cultivars 

throughout the season. To assess the relative importance of bottom-up and 
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top-down forces, chemical and morphological traits of the cultivars were 

quantified (bottom-up) and parasitisation of herbivores and predator 

oviposition on plants inoculated with a controlled number of herbivores was 

assessed (top-down).  

 

Chapter 5 discusses whether the outcome of belowgroundïaboveground 

interactions can be affected by plant genotype under greenhouse conditions. 

Two white cabbage cultivars were selected, and the soil was inoculated with 

either nematodes or microorganisms and a sterilised soil acted as the control. 

Aboveground, aphid (B. brassicae) population development and parasitoid (D. 

rapae) fitness parameters were quantified to test whether aboveground insects 

were affected by belowground soil treatments, and whether plant genotype 

had an effect. 

 

Chapters 6-8 discuss the effects of A. thaliana ecotypes that differ in their 

direct and indirect resistance traits and genetically transformed A. thaliana 

lines with enhanced direct or indirect resistance on herbivorous and 

carnivorous insect species under laboratory conditions.  

 

In Chapter 6 and Chapter 7, three A. thaliana ecotypes that differ in GLS 

content and one transformed A. thaliana line with modified concentrations of 

GLS were used to test the effects of GLS on 1) the performance of a specialist 

phloem-feeding aphid (B. brassicae) and the performance and behaviour of 

one of its predators (E. balteatus) and parasitoids (D. rapae) (Chapter 6); and 

2) the performance of a generalist (Spodoptera exigua H¿bner) and specialist 

(P. rapae) leaf-chewing herbivore and an associated parasitoid (H. ebeninus) 

(Chapter 7).  

 

In Chapter 8 the effects of modified VOC emission on the performance and 

behaviour of B. brassicae and the behaviour of two of its natural enemies, E. 

balteatus and D. rapae, were studied. Three A. thaliana ecotypes were 

transformed to emit one novel volatile compound and increased amounts of 

two endogenous compounds. 

 

Part II: From basic ecology to application in transgenic crops 

In Chapter 9, the main aim of the ERGO-project is addressed. In this chapter, 

the fundamental ecological knowledge on the interactions between plants and 
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insects reported in the previous chapters is applied to develop guidelines for 

environmental risk assessments of transgenic crops. The chapter presents 

guidelines for the COGEM to assess applications for field trials or commercial 

introduction of new transgenic crops, as submitted by breeding companies. 

This chapter is a combined effort of the three PhD-projects involved in this 

ERGO-project.  

 

Finally, Chapter 10 provides a summarising discussion on the fundamental 

and applied research findings. Here, the focus will be on the intraspecific 

differences in effects of direct and indirect plant resistance traits on different 

herbivorous and carnivorous insects, and how in-depth knowledge of these 

multitrophic interactions is essential in studying the ecology of transgenic 

crops. Future perspectives on the use of transgenic crops in agriculture and 

the value of the information from this thesis for assessing the ecological effects 

of new transgenic crops will be discussed. 
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Abstract 

Although Integrated Pest Management (IPM) strategies have been developed 

worldwide, further improvement of IPM effectiveness is required. The use of 

transgenic technology to create insect-resistant plants can offer a solution to 

the limited availability of highly insect-resistant cultivars. Commercially 

available insect-resistant transgenic crops show clear benefits for agriculture 

and there are many exciting new developments such as transgenic plants that 

enhance biological control. Effective evaluation tools are needed to ascertain 

that transgenic plants do not result in undesired non-target effects. If these 

conditions are met, there will be ample opportunities for transgenic plants to 

become key components of environmentally benign and durable pest 

management systems. Here we discuss the potential and challenges for 

incorporating transgenic plants in IPM. 
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2.1 Pest control in a changing world 

Agriculture is continuously being adapted to meet the changing needs of 

society. The ever growing human population, combined with increases in soil 

and labour productivity, has dramatically affected crop cultivation. Over the last 

centuries, field enlargement, specialisation, mechanisation, increased genetic 

uniformity and higher crop plant density have contributed to the intensification 

of agriculture (Chadwick and Marsh 1993; Pimentel 2002). During this 

process, pest control largely relied on chemical pesticides because of their 

initial effectiveness, ease of use, relatively low costs and versatility (Dent 

1995). However, the increasing use of pesticides in intensified agriculture has 

resulted in a number of problems, such as a build-up of insect resistance, 

environmental pollution and secondary pest outbreaks (Chadwick and Marsh 

1993; Kortenhoff 1993; Pimentel 2002). The demand for environmentally 

friendly pest control techniques has steadily increased, particularly after 

publication of the book Silent Spring in 1962, which highlighted the detrimental 

effects of pesticides on the environment (Carson 1962). 

Environmentally sound crop protection requires continuous innovation. 

Exciting new developments in biotechnology, in particular in genetic 

engineering, offer appealing possibilities for such innovations. Here, we 

discuss how biotechnology can provide opportunities for environmentally 

benign pest management systems.  

 

2.2 Integrated Pest Management 

To keep pests under control in modern agricultural systems without relying 

solely on pesticides, an approach called Integrated Pest Management (IPM) 

has been developed (Box 2.1). Although effective IPM strategies have been 

successfully developed for many crops worldwide, improvement of IPM 

programs will promote wide-spread application. A major improvement will 

come from new cultivars with high levels of resistance to pests. However, 

classical breeding for increased host plant resistance is time-consuming and 

labour-intensive and the desired beneficial trait can be linked to or associated 

with undesirable traits (linkage drag) (Dent 1995; Smith 2005). Furthermore, 

insect resistance in some cases compromises the efficiency of carnivorous 

arthropods, which are an important component of biological control (Hare 

1992; Dicke 1999b). Classical breeding has rarely selected for traits that are 

beneficial to carnivores and instead might have led to a selection against these 

traits (Poppy and Sutherland 2004). In this opinion article, we propose the use 
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of biotechnology to develop insect-resistant transgenic plants as a valuable 

contribution to IPM.  

 

2.3 Transgenic plants for enhanced direct resistance to 

pests 

In genetic engineering approaches, plant traits can be modified by inserting 

DNA from a different species (Nap et al. 2003). The use of transgenic crops in 

agriculture has increased since they were first commercialised in the mid-

1990s. In 2008, the global acreage of transgenic crops amounted to 125 

million hectares, or 8% of the worldôs total agricultural land, representing a 74-

fold increase since 1996. Insect-resistant crops comprised 15% of global 

transgenic crops in 2008 (James 2008). 

All commercially available insect-resistant transgenic plants express 

genes coding for Bacillus thuringiensis (Bt) toxins that negatively influence the 

survival and development of a target herbivore (Aronson and Shai 2001; Chen 

et al. 2008). Genes coding for lectins, protease inhibitors, Ŭ-amylases or for 

other insecticidal products have also been successfully engineered into plants, 

resulting in negative effects on the survival and development of pest insects 

(Sarmah et al. 2004; Bi et al. 2006; Malone et al. 2008; Sadeghi et al. 2008). 

However, the only commercially available transgenic crops expressing genes 

other than Bt genes are cotton plants in China that express a serine protease 

inhibitor in combination with Bt (Malone et al. 2008). RNA interference (RNAi)-

based control of insect pests uses transgenic plants that express double-

stranded RNA (dsRNA), which reduces mRNA levels of a selected gene in the 

target herbivore upon feeding and consequently interferes with its 

development and survival (Baum et al. 2007; Price and Gatehouse 2008). 

RNAi-mediated knockdown of gene function has been reported in different 

insect orders, such as Lepidoptera, Hemiptera, Coleoptera, Diptera and 

Hymenoptera (Price and Gatehouse 2008), and can therefore be used for the 

control of various insect pests. For example, transgenic corn engineered to 

express dsRNA based on the sequence of a gene encoding an essential 

protein in the western corn rootworm (Diabrotica virgifera virgifera) resulted in 

a significant reduction in root damage by this coleopteran herbivore (Baum et 

al. 2007). Under the condition that the dsRNA introduced is very specific to 

certain insects to limit negative effects on non-target organisms, this is a very 

promising approach for transgenic pest control. However, the approach has 

only recently been developed and will need to be further optimised before it 
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can be used on a wide scale (Price and Gatehouse 2008).  

 

2.4 Transgenic plants that promote natural enemies vital for 

biological control  

Herbivore damage induces the emission of plant volatile organic compounds 

(VOCs) that attract natural enemies of the damaging herbivore, a phenomenon 

also referred to as indirect resistance (Dicke and van Loon 2000; van Loon et 

al. 2000; van Poecke and Dicke 2004). In a new development for the 

application of genetic engineering, crop protection is enhanced by improving 

the effectiveness of biological control agents through modification of VOC 

 

Box 2.1 Integrated Pest Management 

 

Integrated Pest Management (IPM) is defined as óa durable, environmentally and 

economically justifiable system, in which damage caused by pests, diseases and 

weeds is prevented through the use of natural factors which limit the population 

growth of these organisms, if needed supplemented with appropriate control 

measuresô (van Lenteren 1993). According to this definition, IPM is not just the 

combination of chemical control with another approach, but is based on the 

philosophy that natural pest control methods should be included before synthetic 

pesticides are used (van Lenteren 2008). The cornerstones of IPM are biological 

control, host plant resistance and cultural control. In biological control, a pest 

population is suppressed by enhancing the abundance or activity of indigenous 

natural enemies or by single or multiple introduction of natural enemies to the crop to 

obtain control of the pest (van Lenteren 2008). In host plant resistance, breeders use 

the ability of a plant to reduce its utilization as a host plant by a pest organism to 

select for crop cultivars with the highest resistance to pests and diseases. In cultural 

control, the environment is modified to make it less favourable for pest invasion, for 

example by crop rotation and tillage practices (Dent 1995). When a combination of 

biological control, host plant resistance and cultural control is insufficient, IPM can 

include the rational use of chemical pesticides (Dent 1995; Koul et al. 2004; Romeis et 

al. 2008a). Effective IPM strategies have been successfully developed for many crops 

world-wide and have resulted in reduced pesticide use, higher crop yields and 

economic value, as well as reduced economic risks for farm management owing to 

lower variation in the severity of pest problems (Dent 1995; Koul et al. 2004). 
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emission. Recently, increased VOC emission by the plant was genetically 

engineered as a novel trait. Laboratory and field studies demonstrated 

enhanced attraction of natural enemies of herbivores to these transformed 

plants, and even the repellence of herbivores (Aharoni et al. 2003; Kappers et 

al. 2005; Beale et al. 2006; Bouwmeester 2006; Schnee et al. 2006; 

Degenhardt et al. 2009) (Box 2.2).  

Although transgenic crops exhibiting such indirect resistance are not 

yet commercially available, these plants are expected to become available to 

agriculture in the near future for the control of pest populations (Degenhardt et 

al. 2003; Poppy and Sutherland 2004; Kappers et al. 2005; Turlings and Ton 

2006). There are still gaps in our knowledge regarding the exact mechanisms 

of indirect resistance of plants (Degenhardt et al. 2003), but we are convinced 

that genetically engineered crops with enhanced VOC emission to stimulate 

the recruitment of biological control agents will make a substantial contribution 

to environmentally sound pest control.  

 

2.5 Incorporating transgenic plants in IPM 

Transgenic crops that are toxic to herbivores and/or enhance the activity of 

carnivores will be important in feeding the growing world population. To date, 

transgenic crops have been used in conventional agriculture, in which pests 

are mainly controlled by pesticides, but their use in IPM has been limited. We 

believe that this is primarily the result of the gap that exists between 

biotechnology, in which a single solution to pest problems (reductionist 

approach) is the focus, and IPM, in which an optimal combination of different 

pest control techniques (holistic approach) is the aim. Insect-resistant 

transgenic crops have been advertised as being the sole solution to pest 

problems, whereas IPM practitioners have found that a single solution is rarely 

sufficient and, moreover, is not durable. Indeed, current transgenic crops 

based on Bt, can solve lepidopteran or coleopteran pest problems, but 

secondary pests such as aphids can arise when competition from the target 

pest is relieved (Cloutier et al. 2008). 

Although few crop protectionists view transgenic plants as a (potential)  

component of IPM, we believe that current and future transgenic plants have 

the greatest potential when grown under IPM regimes. It has already been 

demonstrated that currently available insect-resistant transgenic plants are 

compatible with other IPM approaches, such as biological, chemical and 

cultural control (Smith 2005; Romeis et al. 2008b).  
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Box 2.2 Genetic engineering of VOC emission: several case studies 

 

Several studies have shown that increasing the constitutive emission of plant VOCs 

through genetic engineering can attract natural enemies to these transgenic plants, 

and even repel herbivores. In one study, metabolic engineering of terpenoids, 

previously shown to be important compounds in attracting carnivorous enemies of 

pest herbivores, was enhanced in Arabidopsis thaliana plants. The transgenic plants 

constitutively emitted two new terpenoids, the sequiterpene (3S)-(E)-nerolidol and the 

homoterpene 4,8-dimethyl-1,3(E),7-nonatriene [(E)-DMNT], not emitted before. As a 

result predatory mites were attracted to these plants, whereas they were not attracted 

to wild-type plants (Kappers et al. 2005). In another study, A. thaliana was genetically 

engineered to produce several sesquiterpenes such as (E)-ɓ-farnesene and (E)-Ŭ-

bergamotene. After previous oviposition experience in their host caterpillars in the 

presence of the sesquiterpene-emitting transgenic plants, parasitoid wasps of the 

species Cotesia marginiventris were significantly attracted to the transgenic plants in 

an olfactometer test (Schnee et al. 2006). In a third case, A. thaliana was engineered 

to emit the sesquiterpene (E)-ɓ-farnesene, and parasitoid wasps of the species 

Diaeretiella rapae showed a significant increase in time spent on transgenic compared 

to wild-type plants. Furthermore, the generalist aphid Myzus persicae was repelled by 

the transgenic plants (Beale et al. 2006). Also in other studies, elevated VOC 

emissions resulted in herbivore repellence, as shown for M. persicae offered 

transgenic A. thaliana emitting the terpenes linalool and nerolidol (Aharoni et al. 

2003). In the first reported field experiment using a transgenic crop with increased 

VOC emissions, maize plants were transformed to emit the naturally active substance 

(E)-ɓ-caryophyllene from their roots. This compound attracts nematodes that attack 

and kill larvae of the western corn rootworm (Diabrotica virgifera virgifera). American 

maize lines, in contrast to European maize lines, do not emit (E)-ɓ-caryophyllene. A 

non-emitting maize line was transformed with an (E)-ɓ-caryophyllene synthase gene 

from oregano under the control of a constitutive promoter, resulting in constitutive 

emission of this sesquiterpene. In rootworm-infested field plots in which nematodes 

were released, the (E)-ɓ-caryophyllene-emitting plants suffered significantly less root 

damage and had 60% fewer adult beetles emerging than untransformed, non-emitting 

lines (Degenhardt et al. 2009). 
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Below, the potential and challenges for integration of transgenic plants in IPM 

are discussed.  

 

2.5.1 Potential for incorporating transgenic plants into IPM 

Transgenic insect resistance has several advantages over insect resistance 

achieved through classical breeding. New varieties can be produced 

considerably faster by genetic engineering than by conventional breeding. 

Furthermore, the level of resistance in transgenic plants is potentially higher 

than resistance levels naturally occurring within the gene pool of a plant 

species because genes from different sources can be introduced and linkage 

drag is minimized (Smith 2005; Kennedy 2008).  

The benefits of growing Bt crops such as cotton, corn, potato and rice 

have been well described. Pests, mainly Lepidoptera such as the European 

corn borer (Ostrinia nubilalis) and the cotton bollworm (Helicoverpa armigera), 

have been successfully controlled in Bt crops, resulting in increases in crop 

yield and economic value, while at the same time allowing drastically reduced 

use of pesticides aimed at target pests in these crops (Shelton et al. 2002; 

Smith 2005; Fitt 2008). In addition, natural enemies of pests have profited from 

the decrease in the application of broad-spectrum pesticides, thus increasing 

their contribution to natural pest control in these crops (Sisterson et al. 2007; 

Romeis et al. 2008b). Moreover, the prolonged development time for a 

herbivore after ingesting insecticidal toxins with sub-lethal effects can increase 

its exposure to carnivores according to the so-called slow-growth, high-

mortality hypothesis (Williams 1999; Cornelissen and Stiling 2006). This might 

further enhance the effectiveness of pest control through the action of 

carnivores. Because Bt-toxins are contained within the plant, exposure of non-

target organisms that do not feed on the plant itself is significantly reduced 

compared to exposure resulting from pesticide spraying (Jouanin et al. 1998). 

Moreover, pests that feed on plant parts typically not reached by pesticide 

sprays, such as stem borers that feed within the plant stem, are exposed to 

the transgenic Bt-toxins (Jouanin et al. 1998; Thies and Devare 2007; Romeis 

et al. 2008a). Furthermore, because toxins are expressed in the plant tissue, 

insects are exposed for the entire infestation period, including the most 

vulnerable stages in their development (Jouanin et al. 1998; Thies and Devare 

2007; Romeis et al. 2008a). It should also be noted that specific Bt-toxins are 

only toxic to a limited range of species within one or two insect orders, and 

transgenic resistance of Bt-plants is therefore much more specific for the 
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target insect than many pesticides (de Maagd et al. 1999).  

Biological control of pests might be facilitated to an even greater 

extent by altering VOC emission as discussed above. Through selective 

changes in VOC composition and emission rate, plants can more strongly 

attract carnivorous natural enemies of herbivores, whereas other plant 

resistance functions are not compromised (Degenhardt et al. 2003). Because 

pest resistance to a biological control agent is less likely to evolve (Bale et al. 

2008), the risk of the pest becoming insensitive to transgenic resistance based 

on enhanced carnivore attraction is very small. Furthermore, attraction of 

several carnivorous species, including generalists that feed on a range of prey 

species, is likely to prevent secondary pest outbreaks. 

VOCs are not only used by carnivores to locate their prey, but can 

also repel herbivores, presumably by indicating the presence of potential 

competitors and natural enemies (Dicke and van Poecke 2002; Sanchez-

Hernandez et al. 2006). Several studies reported these repellent effects of 

VOCs on feeding and oviposition behaviour of different herbivore species, 

including the tobacco hornworm Manduca sexta, the leaf beetle Cerotoma 

ruficornis and the diamondback moth Plutella xylostella (Heil 2004; Sanchez-

Hernandez et al. 2006; Yang 2008). If VOC emission is engineered in such a 

way that the transgenic plant not only attracts natural enemies of pest 

herbivores, but also repels certain herbivores, this would further increase the 

benefits of such transgenic plants.  

 

2.5.2 Challenges of growing transgenic crops within IPM 

If transgenic plants are to become components of IPM, several challenges 

need to be dealt with. One of the major threats to the effectiveness of genetic 

engineering is the development of insensitivity to the toxin by the pest 

population arising from the intense selection pressure the transgenic crops 

imposes (Bravo and Soberon 2008; Ferr® et al. 2008). Resistance to Bt-sprays 

has already been reported (Ferr® et al. 2008) and artificial selection for 

insensitivity in the laboratory during 6-8 generations has resulted in 80-100-

fold lower sensitivity to Bt-toxins, suggesting that substantial reduction in 

levels of plant resistance in Bt crops might occur (Tabashnik et al. 2008). 

Therefore, it is important to implement resistance management strategies 

when cultivating transgenic crops. For example, by offering a refuge from 

exposure to the toxin to allow the survival of susceptible insects within the 

population, development of resistance could be prevented or slowed down 
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(Bravo and Soberon 2008; Ferr® et al. 2008). Other approaches are the 

temporal rotation of cultivars that express different insecticidal proteins and the 

stacking of multiple genes (Bravo and Soberon 2008; Ferr® et al. 2008; 

Tabashnik et al. 2008).  

Another risk associated with growing transgenic plants is the outbreak 

of secondary pests caused by elimination of the major pest combined with a 

decrease in the use of broad-spectrum pesticides (Romeis et al. 2008a). For 

example, aphids and thrips are not targeted by any of the available Bt-toxins 

and could increase in abundance in Bt crops. Furthermore, insect-resistant 

transgenic crops can only be used as a preventive measure. If an 

unanticipated pest not targeted by the insecticidal protein arrives during the 

growing season, the crop could become highly vulnerable to this newcomer 

species in the absence of other control measures (Kennedy 2008).  

However, an indirect effect of the use of transgenic crops, the reduced 

application of broad spectrum pesticides, will lead to increased abundance of 

natural enemies (Sisterson et al. 2007; Romeis et al. 2008b) and might reduce 

the number or severity of secondary pest outbreaks and decrease the risk of 

insensitivity development because such enemies will also attack the target 

herbivores. Furthermore, active release of biological control agents during any 

secondary pest outbreak or when insensitivity has developed could reduce the 

probability of pest outbreaks. Therefore, although these risks are often 

regarded as disadvantages of transgenic crops, these risks disappear when 

transgenic crops are incorporated in an IPM context.  

When biological control of the secondary or unanticipated pests is not 

sufficiently fast or efficient, it might be necessary to apply specific pesticides to 

prevent crop loss. Although IPM aims at preventing this situation, the rational 

use of selective pesticides is a legitimate strategy within IPM (Dent 1995; Koul 

et al. 2004).  

Transgenic plants with altered VOC emissions pose a different set of 

challenges because VOCs play roles in different multitrophic interactions 

(Dicke and Vet 1999; Dicke and van Loon 2000; Dicke et al. 2003). VOCs not 

only repel herbivores as outlined above, but might also attract certain 

herbivores by indicating the presence of a suitable host plant. For example, 

studies have shown that plants damaged by herbivory are more attractive to 

certain herbivores, such as the tobacco flea beetle (Epitrix hirtipennis), the fall 

armyworm (Spodoptera frugiperda) and curculionid beetles, than undamaged 

plants (Heil 2004; Carroll et al. 2006; Halitschke et al. 2008). Because 
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attraction of additional herbivore species to transgenic plants with altered VOC 

emissions is undesirable, detailed information about the effects of VOCs on 

potential pest herbivores should be obtained before this approach is 

implemented in practice.  

Selection of a herbivore-inducible promoter to ensure emission of 

increased amounts of VOCs only after herbivore attack, is an important 

prerequisite that prevents carnivores from being attracted to the plant in the 

absence of their prey. Furthermore, because natural enemies are capable of 

learning, they might learn that the constitutive signal does not indicate the 

presence of their prey and would consequently ignore the signal (Papaj et al. 

1994; Degenhardt et al. 2003; Poppy and Sutherland 2004). This would 

decrease the pest-control efficiency of such transgenic plants.  

 

2.6 Effects of transgenic crops on non-target organisms 

The effects of transgenic plants on non-target organisms are an important 

aspect when considering the use of transgenic crops within IPM. Non-target 

organisms, such as carnivores or pollinators, can be exposed to the transgenic 

product in several ways (Fig. 2.1). Only plants that do not negatively influence 

important non-target organisms, or at least show a lower impact than currently 

observed for other control measures, hold promise within an IPM framework. 

Therefore, it is particularly important that potential non-target effects of 

transgenic crops are carefully assessed.  

However, there is a lack of clear guidelines for the testing of non-

target effects of transgenic plants, even though European Union legislation 

requires testing of these effects (Box 2.3). The few available studies focused 

on improving the assessment of non-target effects proposed a stepwise 

(tiered) approach for the testing of non-target effects of transgenic plants 

expressing insecticidal proteins (Dutton et al. 2003; Poppy and Sutherland 

2004; Andow and Zwahlen 2006; Birch et al. 2007; Charleston and Dicke 

2008) (Fig. 2.2). Although methods for testing non-target effects are well 

established for laboratory studies (the 1
st
 tier in Fig. 2.2) (Dutton et al. 2003; 

Charleston and Dicke 2008), detailed methods for (semi-)field experiments to 

validate laboratory results are lacking, despite their crucial role in establishing 

whether results observed in the laboratory or greenhouse are indeed 

transferable to the agro-ecosystem.  

This indicates that there is an urgent need for universally applicable 

methods for non-target testing of different insect-resistant transgenic plants. 
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Fig. 2.1 Potential effects of transgenic plants on non-target organisms (partly based on 

information from Groot and Dicke 2002; Scholte and Dicke 2005; Thies and Devare 

2007; Charleston and Dicke 2008). The transgenic plant shown here represents plants 

either expressing insecticidal proteins or with altered VOC emissions. The different 

possible effects of transgenic plants on target and non-target organisms are shown. (1) 

Direct effects on target and non-target herbivores arise (a) through plant feeding, (b) in 

response to VOCs, which can act as oviposition and feeding stimulants or as 

repellents, (c) by contact with soil exposed to transgenic products through plant 

decomposition or root exudation. (2) Host- or prey-mediated effects on natural enemies 

are indirect effects that arise through feeding on host or prey items that themselves fed 

on the transgenic plant. (3) Direct effects on natural enemies of herbivores arise (a) 

from feeding on plant material, such as nectar and pollen, (b) in response to VOCs, (c) 

by contact with soil exposed to the transgenic product. (4) Direct effects on pollinators 

arise from feeding on nectar and pollen or in responding to VOCs. (5) Direct effects on 

decomposers arise from feeding on plant material or coming into contact with soil 

exposed to the transgenic product. (6) Effects on other plants and crops arise, for 

example, by transfer of pollen or by contact with soil exposed to the transgenic product. 

Exposure to VOCs from neighbouring plants can prime other plants for increased 

resistance to herbivores (Baldwin et al. 2006; Turlings and Ton 2006), which in turn 

could influence organisms associated with the plant or crop.  
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To prevent incorrect assessment of non-target effects, detailed tools for the 

evaluation of potential effects aboveground and belowground will need to be 

developed soon, not only for plants expressing insecticidal proteins, but also 

for plants with enhanced VOC emissions.  

 

Box 2.3 Guidelines for non-target testing of transgenic plants 

 

European Union (EU) regulatory bodies require detailed environmental risk-

assessments before they permit the release of a transgenic crop into the environment. 

Transgenic plants are considered to be new entities in the EU, so risk-assessments 

for transgenic crops differ from standard risk assessments for conventional plant 

protectants and require evaluation of potential adverse effects of deliberate release of 

transgenic crops on the environment (European Community 2001). However, the EU 

does not provide guidelines with regard to how such ecological risk assessments 

should be carried out. No instructions are provided on what information should be 

presented, what experiments should be carried out and what non-target organisms 

should be tested. Furthermore, the appropriate baseline against which the ecological 

significance of any non-target effects should be assessed is not expressed explicitly. 

Despite this lack of clear guidelines, the effects of Bt-plants on non-target 

arthropods have been extensively tested (see e.g. reviews by Groot and Dicke 2002; 

Clark et al. 2005; Romeis et al. 2006; Thies and Devare 2007). However, analysis of 

these non-target studies revealed important gaps in our knowledge because variable 

and conflicting results are presented for non-target tests, even for the same non-target 

species, most likely resulting from the use of different techniques or the examination 

of different parameters (Bruinsma et al. 2003; Charleston and Dicke 2008). 

Furthermore, an integrated approach combining above- and belowground systems 

does not yet exist, but both scenarios should be included in the risk-assessment 

because plants are important links between organisms that live aboveground and 

belowground (van der Putten et al. 2001; Bruinsma et al. 2003; Bezemer and van 

Dam 2005). In addition, most non-target studies have focused on effects on the 

fitness of the non-target organisms, but effects on their behaviour should also be 

considered (Poppy and Sutherland 2004), because these might, for instance, limit any 

negative effects of transgenic plants on the non-target organism under field 

conditions. Ignoring behavioural effects of non-target organisms might thus lead to a 

distorted view of the potential environmental effects of transgenic plants. 
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2.7 Future perspectives 

As discussed above, transgenic plants have the potential to become an 

integral component of IPM. There are excellent opportunities to avoid the 

potential ecological risks related to transgenic crops, such as secondary pest 

outbreaks and pest resistance, by incorporating insect-resistant transgenic 

plants in IPM systems.  

Ongoing developments in biotechnology should provide exciting new 

possibilities for the control of pest populations in an environmentally friendly 

manner. It is anticipated that future generations of transgenic plants will be 

able to enhance biological control through modification of herbivore-induced 

VOC blends that in turn will attract natural enemies. Other promising 

developments include insect-resistant transgenic crops that express genes 

coding for insecticidal proteins other than Bt or that rely on RNAi-based pest 

control (Malone et al. 2008; Price and Gatehouse 2008). 

Stacking of multiple genes can also provide increased protection 

against multiple harmful organisms, such as herbivores, diseases and weeds, 

and has the added advantage of reducing the risk of the emergence of 

herbivore resistance (Ferr® et al. 2008; Tabashnik et al. 2008). The acreage of 

these so-called pyramided transgenic crops is already increasing (James 

2008). In the future, stacking genes that confer direct toxicity against 

herbivores and indirect attraction of carnivores might further enhance the 

efficiency of pest control and further reduce the risk of pest resistance.  

To successfully incorporate biotechnology in IPM, the reductionist and 

holistic approaches that these fields represent need to be integrated. To 

achieve this, a new generation of scientists should be trained in both areas. 

Educational and research programmes are necessary to inform this new 

generation about the possibilities in both approaches to crop protection. We 

anticipate that bridging the gap between the two worlds will result in the view 

that transgenic crops are vital components of IPM, thus opening new 

perspectives for environmentally friendly pest control. 
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Fig. 2.2 Stepwise (tiered) approach for testing the effects of transgenic plants on non-

target organisms (summarised from Dutton et al. 2003; Poppy and Sutherland 2004; 

Andow and Zwahlen 2006; Birch et al. 2007; Charleston and Dicke 2008). The relevant 

non-target species have to be selected, after which the assessment starts in the 

laboratory and increases in complexity and realism towards semi-field and field set-

ups, with knowledge gained in previous steps used in subsequent steps. However, the 

tiers should not be just considered as sequential steps in a linear approach, because 

feedback between the tiers is necessary during the assessment. If necessary, results 

from one level should be re-examined at another level to fill existing and emerging 

knowledge gaps. Only when the effects of transgenic plants on non-target organisms 

have been tested at all levels can a reliable prediction of the non-target effects of the 

transgenic crop be made. 
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Abstract 

Plant resistance against herbivores can act directly (e.g. by producing toxins) 

and indirectly (e.g. by attracting natural enemies of herbivores). If plant 

secondary metabolites that cause direct resistance against herbivores, such 

as glucosinolates (GLS), negatively influence natural enemies, this may result 

in a conflict between direct and indirect plant resistance.  

Our objectives were 1) to test herbivore-mediated effects of GLS on 

the performance of two generalist predators, the marmalade hoverfly 

(Episyrphus balteatus) and the common green lacewing (Chrysoperla carnea) 

and 2) to test whether intraspecific plant variation affects predator 

performance.  

Predators were fed either Brevicoryne brassicae, a GLS-sequestering 

specialist aphid that contains aphid-specific myrosinases, or Myzus persicae, a 

non-sequestering generalist aphid that excretes GLS in the honeydew, reared 

on four different white cabbage cultivars. Predator performance and GLS 

concentrations and profiles in B. brassicae and host-plant phloem were 

measured, a novel approach as previous studies often measured GLS 

concentrations only in total leaf material. 

Interestingly, the specialist aphid B. brassicae selectively sequestered 

GLS from its host plant. The performance of predators fed this aphid species 

was lower than when fed M. persicae. When fed B. brassicae reared on 

different cultivars, differences in predator performance matched differences in 

GLS profiles among the aphids.  

We show that not only the prey species, but also the plant cultivar can 

have an effect on the performance of predators. Our results suggest that in the 

tritrophic system tested, there might be a conflict between direct and indirect 

plant resistance.  
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3.1 Introduction 

Plants have two different resistance mechanisms against herbivorous insects, 

namely direct and indirect resistance. Direct resistance affects herbivores 

through physical (e.g. thorns) or chemical (e.g. toxins or digestibility reducers) 

plant traits. Indirect resistance influences the effectiveness of natural enemies 

of herbivores through e.g. the emission of volatile herbivore-induced 

secondary plant metabolites that attract the natural enemies (Karban and 

Baldwin 1997; Dicke and Baldwin 2010). Secondary plant metabolites that 

mediate direct resistance, however, may affect not only herbivores. They can 

also negatively influence natural enemies of herbivores, either directly through 

feeding on the herbivore that contains the secondary metabolites, or indirectly 

through reduced host or prey quality (Francis et al. 2001a; Harvey 2005; Ode 

2006). This may result in a conflict between direct and indirect plant resistance 

(Sznajder and Harvey 2003; Gols and Harvey 2009). With some exceptions 

(see Sznajder and Harvey 2003; Gols and Harvey 2009 and references 

therein), direct and indirect resistance strategies are mostly studied 

independently, disregarding the potential evolutionary conflict between them.   

To study effects of secondary plant metabolites on natural enemies of 

herbivores, we focus on glucosinolates (GLS). GLS are a group of secondary 

metabolites that are characteristic for the plant family Brassicaceae and that 

show considerable variation in concentrations between and within species of 

this family (Gols et al. 2008b; van Dam et al. 2009). When herbivores damage 

plant tissues, GLS become exposed to myrosinases, enzymes that are 

spatially separated from GLS in intact plant tissues. Myrosinases degrade GLS 

to compounds such as (iso)thiocyanates and nitriles, depending among others 

on the side chain of the GLS. These hydrolysis products are toxic to a wide 

variety of insects (Bones and Rossiter 2006; Halkier and Gershenzon 2006). 

GLS and their breakdown products have negative effects on generalist insect 

herbivores e.g. by deterring feeding or decreasing survival (Halkier and 

Gershenzon 2006; Hopkins et al. 2009). Specialist herbivores of 

brassicaceous plants, in contrast, have evolved special adaptations to detoxify 

GLS (Ratzka et al. 2002; Wittstock et al. 2004), and use these compounds as 

feeding or oviposition stimulants (van Loon et al. 1992; Miles et al. 2005). GLS 

also affect organisms on higher trophic levels. Several specialist natural 

enemies of herbivores are attracted by volatile breakdown products of GLS 

(Bradburne and Mithen 2000; Blande et al. 2007; Mumm et al. 2008). GLS 

from the host plant may, however, also negatively affect natural enemies that 
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feed on GLS-containing herbivores (Francis et al. 2001b; Vanhaelen et al. 

2002; Sznajder and Harvey 2003). Some specialist herbivores sequester GLS 

from the host plant and use these as a defence against their natural enemies 

(M¿ller et al. 2001; Bridges et al. 2002; M¿ller and Brakefield 2003). 

Sequestration of GLS by the herbivore Brevicoryne brassicae L. (Hemiptera: 

Aphididae), for example, has been shown to decrease the performance of 

generalist predators such as ladybirds (Francis et al. 2001b; Kazana et al. 

2007; Pratt 2008).  

The objectives of this study were 1) to test herbivore-mediated effects 

of GLS on the performance of two generalist predators, the marmalade 

hoverfly (Episyrphus balteatus de Geer; Diptera: Syrphidae) and the common 

green lacewing (Chrysoperla carnea Stephens; Neuroptera: Chrysopidae) and 

2) to test whether intraspecific plant variation affects predator performance. 

The predators were fed either B. brassicae or Myzus persicae Sulzer 

(Hemiptera: Aphididae) reared on four white cabbage (Brassica oleracea L. 

convar. capitata var. alba) cultivars that have previously been shown to differ 

in their GLS profiles and resistance to herbivores (Broekgaarden et al. 2008; 

Poelman et al. 2008b; Kabouw et al. 2010a). Brevicoryne brassicae and M. 

persicae differ in the concentration of GLS, as well as in the presence of toxic 

hydrolysis products of these GLS. Brevicoryne brassicae sequesters GLS from 

the phloem of its host plant and contains aphid-produced myrosinases (Jones 

et al. 2001; Francis et al. 2002). Upon tissue damage by carnivores, the 

sequestered GLS in B. brassicae come into contact with aphid myrosinases, 

causing the formation of toxic breakdown products (Bridges et al. 2002; 

Kazana et al. 2007). Myzus persicae does not sequester GLS, but excretes 

them in the honeydew, and does not contain myrosinases that could break 

down the GLS that are present in the gut into toxic breakdown products 

(Francis et al. 2001b). Aphid predators will therefore encounter high 

concentrations of toxic GLS breakdown products when feeding on B. 

brassicae, but not when feeding on M. persicae. We hypothesized that, based 

on the difference in concentrations of GLS and their breakdown products, the 

performance of C. carnea and E. balteatus will be lower when fed B. brassicae 

than when fed M. persicae. Furthermore, we expect that variation in GLS 

composition among the host-plant cultivars would affect the GLS composition 

of the aphids feeding on these cultivars, as well as the possible formation of 

breakdown products (which depends on the side chain identity, see above), 

and thereby the performance of the natural enemies feeding on these aphids.  
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Effects of sequestration of GLS by B. brassicae on aphid predators 

(mainly lady bird beetles and hoverflies) have been tested before (see e.g. 

Francis et al. 2001b; Kazana et al. 2007; Pratt 2008).  Previous studies often 

(1) only reported the GLS concentrations in the host plant, and not in the prey 

insect itself, or (2) linked GLS concentrations in total leaf material to GLS 

concentrations in the aphid, whereas aphids do not chew leaf tissue, but feed 

on phloem sap exclusively. Our study presents novel data because we have 

analysed GLS concentrations as well as profiles in the phloem sap and the 

aphids feeding on this phloem sap. This resulted in a detailed comparative 

analysis of the effects of GLS sequestration of a specialist aphid on two of its 

main predator species, of which one, the green lacewing, has not yet been the 

subject of testing effects of GLS on its performance. We discuss the effects of 

intraspecific plant variation in GLS composition on aphid-predator interactions 

in the context of a possible conflict between direct and indirect plant 

resistance.  

 

3.2 Materials and methods 

3.2.1 Plants and insects  

We used four white cabbage (Brassica oleracea L. convar. capitata var. alba) 

cultivars: Christmas Drumhead and Badger Shipper (Centre for Genetic 

Resources, CGN, Wageningen, The Netherlands), representing open 

pollinated cultivars, and Lennox and Rivera (Bejo Zaden BV, Warmenhuizen, 

The Netherlands), representing more recently cultivated F1 hybrids. Plants 

were cultivated in a greenhouse compartment at 20 Ñ 2 ÁC, 60-70% relative 

humidity (RH) and a 16:8 h light:dark (L:D) photoregime. When the light 

dropped below 200 W m
-2
 during the photoregime, supplementary illumination 

was provided by sodium lamps (SON-T Philips, Eindhoven, The Netherlands). 

Seeds were germinated on peat soil (Lentse potgrond, no. 4, Lent, The 

Netherlands) and after 8 days, individual seedlings were transferred to the 

same peat soil in 1.45 L pots. All plants were watered daily and were fertilised 

by applying Kristalon Blauw (Hydro Agri, Rotterdam, The Netherlands) (N-P-K-

MgO) 19-6-20-3 micro (2.5 mg L
-1
) to the soil twice a week from the age of four 

weeks onwards. Six-week-old plants were used in the experiments. 

Brevicoryne brassicae and Myzus persicae were reared on the four 

white cabbage cultivars and Brussels sprouts (Brassica oleracea L. convar. 

gemmifera cv. Cyrus) in greenhouse compartments at 22 Ñ 2 ÁC, 60-70% RH 

and a 16:8 h L:D photoregime. Fresh plants were provided on a weekly basis 
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and plants were watered every other day. The M. persicae and B. brassicae 

cultures were originally collected from B. oleracea in the vicinity of 

Wageningen (The Netherlands) in 2004 and 2008 respectively.  

Episyrphus balteatus pupae and C. carnea eggs were provided by 

Koppert Biological Systems (Berkel en Rodenrijs, The Netherlands) and kept 

in a greenhouse compartment at 22 Ñ 2 ÁC, 60-70% RH and a 16:8 h L:D 

photoregime. Episyrphus balteatus pupae were kept in gauze cages (67 x 50 x 

67 cm) and adults emerging from the pupae were provided with water, sugar, 

and bee-collected pollen provided by Koppert Biological Systems. Females 

were allowed to lay eggs on Brussels sprouts plants infested with either B. 

brassicae or M. persicae. After egg hatch, neonate larvae of both species were 

used in the experiments. (Note: it has been recently discovered that C. carnea 

is actually a complex of many cryptic sibling species (Henry et al. 2002), and 

the specific C. carnea we used was identified by Koppert Biological Systems 

as the sibling species C. affinis).  

 

3.2.2 Aphid performance 

All experiments were performed in a greenhouse compartment at 22 Ñ 2 ÁC, 

60-70% RH and a 16:8 h L:D photoregime. Aphid performance on the four 

white cabbage cultivars was assessed, because it is known that the 

performance of a natural enemy is often positively correlated with the 

performance of its host or prey (Benrey et al. 1998; Sznajder and Harvey 

2003). Data on performance of B. brassicae on the four white cabbage 

cultivars were derived from Broekgaarden et al. (2008). We assessed 

performance of M. persicae according to the protocol of Broekgaarden et al. 

(2008) to allow for direct comparisons of performance of both aphid species on 

the selected cultivars. Of each cultivar, 15 six-week old plants were infested 

with M. persicae by placing one neonate nymph on each of five older leaves. 

Plants were placed individually in gauze nets and distributed randomly over 

the greenhouse. Plants were watered every other day and fertilised weekly in 

the same way as described under Plants and insects. Nymphs were monitored 

daily to estimate their development time (number of days between birth and 

reproduction) and nymphal survival was scored on day 11, the day by which 

most of the individuals had reproduced. From day 11 onwards, the number of 

aphids on each plant was recorded twice a week until day 34 of the 

experiment. Aphid multiplication factor was calculated by setting the number of 

aphids at day 11 of the experiment to 1.  
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3.2.3 GLS analysis 

In order to examine GLS concentrations in B. brassicae feeding on different 

cultivars, and to link this to GLS concentrations in the phloem of these 

cultivars, we infested 10 six-week old plants of each cultivar with hundreds of 

neonate nymphs by allowing adults to reproduce on the plant for 24 h, after 

which the adults were removed from the plants. When nymphs reached the 

third instar, half of the aphids on each plant were collected for GLS analysis, 

resulting in 10 replicates of several hundred nymphs per cultivar. At the same 

time, we collected phloem exudate from the third youngest fully expanded leaf 

of each of these 10 plants per cultivar. For phloem collection we followed the 

procedure of Bezemer et al. (2005) with minor adaptations: we used 2 ml 8mM 

EDTA solution, initially placed the petiole of the leaf for 5 min in the EDTA 

solution to remove any plant chemicals from the incision, and afterwards 

placed the petiole for 2 hours in a new vial with 2 ml EDTA solution. Our 

method inherently sampled a small amount of mesophyll fluids mixed with the 

phloem sap. Therefore, if we refer to phloem sap we mean phloem sap plus 

these potential contaminants from the mesophyll. Subsequently, the leaf was 

dried at 80 ÁC for 3 days and its dry weight was measured on a balance 

(Mettler-Toledo PM200, Tiel, The Netherlands). When the aphids reached 

adulthood, the remaining aphids were collected for GLS analysis, resulting in 

10 replicates of several hundred adult aphids per cultivar. At the same time, 

additional phloem samples were taken from the fourth youngest fully expanded 

leaf of each of these 10 plants per cultivar. GLS concentrations were analysed 

separately for third instar nymphs and adult aphids to allow for investigation of 

differences in GLS sequestration between nymphs and adult aphids.  

All samples were frozen at -20 ÁC immediately after collection. Aphid 

samples were freeze-dried, weighed and ground to a fine powder. 

Approximately 50 mg of the ground material of third instar nymphs and 100 mg 

of adult aphids was weighed into a micro-centrifuge tube. GLS were extracted 

and purified by using the methods of van Dam et al. (2004) and Kabouw et al. 

(2010a) and GLS content was assessed by high-performance liquid 

chromatography (HPLC). GLS detection was performed with a photodiode 

array detector with 229 nm as the integration wavelength. Different 

concentrations of sinigrin (Acros, Morris Plains, New Jersey, USA) were used 

as an external standard. The correction factors at 229 nm from Buchner (1987) 

and the European Community (1990) were used to calculate the 

concentrations of the GLS. We identified desulfoGLS peaks by comparison of 

file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_26#_ENREF_26
file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_287#_ENREF_287
file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_166#_ENREF_166
file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_46#_ENREF_46
file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_105#_ENREF_105


 50 

 

HPLC retention times and ultraviolet spectra with standards provided by M. 

Reichelt (Max Planck Institute for Chemical Ecology, Jena, Germany) and a 

certified rapeseed standard (Community Bureau of Reference, Brussels, 

Belgium, code BCR-367 R).  

To extract GLS from the phloem, we used a modified protocol. One ml 

from the collected 2 ml of EDTA solution was used for GLS extraction. The 

solution was boiled in a water bath at 70 ÁC, subjected to an ultrasonic bath for 

15 min to inactivate myrosinase activity, and afterwards transferred directly 

onto a Sephadex column. To concentrate the samples, after elution the freeze-

dried eluate was resuspended in 100 ɛl instead of 1000 ɛl water.  

 

3.2.4 Predator performance 

Performance of predators was tested in no-choice situations. We assessed the 

performance of both E. balteatus and C. carnea fed either M. persicae or B. 

brassicae reared on each of the four white cabbage cultivars, thus creating 

eight prey species x plant cultivar combinations. For each predator species 40 

individual predator larvae were monitored for each of the eight combinations, 

set up in a randomised design. Neonate larvae were transferred individually to 

a Petri dish (ß 9 cm) with filter paper on the bottom by using a fine paintbrush. 

Larvae were fed ad libitum with aphids of mixed instars (representing the 

natural situation in which aphids occur in colonies of mixed ages) from the 

selected prey treatment that were provided together with a leaf fragment of the 

corresponding plant cultivar. Each day the prey items and leaf fragments were 

replaced. Survival rate, larva-to-adult development time, pupal fresh weight, 

sex, adult dry weight, head width, and wing length were measured. Adult dry 

weight was obtained by weighing adults that had been dried to constant weight 

at 80 ęC for 3 days on a microbalance (Sartorius CP2P, Gºttingen, Germany). 

Head width and wing length were measured using a stereo microscope 

(Olympus SZX12), attached to a digital camera (Euromex CMEX-1) and the 

program Image Focus (version 1.0).  

 

3.2.5 Statistical analysis 

Statistical analyses were performed using SPSS for Windows (15
th
 edition, 

Chicago, Illinois, USA), unless indicated otherwise. Nymphal survival of M. 

persicae was analysed by logistic regression in Gen Stat (12
th
 edition, VSN 

International, UK). Development time was log-transformed to obtain normality, 

and analysed by ANOVA and post-hoc LSD-test for cultivar comparisons. 
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Aphid multiplication factor was log-transformed and repeated measures 

ANOVA and post-hoc LSD-test for cultivar comparisons were used to assess 

the impact of different cultivars on the multiplication factor over time. Time was 

considered a within-subjects factor and cultivar a between-subjects factor. 

Differences in aphid multiplication factors over time between B. brassicae and 

M. persicae were analysed by repeated measures ANOVA. 

Differences in indole, aliphatic and total GLS concentrations in phloem 

and aphids among the cultivars were analysed by Kruskal-Wallis H-tests, as 

assumptions on normality were violated. Mann-Whitney U tests with a 

Bonferroni correction for the number of comparisons (six) were used to 

compare the mean differences between the groups. Differences in indole, 

aliphatic and total GLS concentrations between both aphid developmental 

stages and between both phloem sampling dates were analysed by Mann-

Whitney U tests. Correlations between indole, aliphatic and total GLS 

concentrations in the phloem and the concentrations of these compounds in 

the aphids feeding on those plants were tested with Spearmanôs correlation 

test.  

To analyse GLS profiles of phloem and aphids, we used projection to 

latent structures-discriminant analysis (PLS-DA) and partial least squares 

projections to latent structures (PLS), in SIMCA-P (12
th
 edition, Umetrics, 

Ume¬, Sweden) (Eriksson et al. 2006). PLS-DA is a multivariate discriminant 

analysis that we used to test if GLS profiles in the phloem of the different 

cultivars differed significantly and if GLS profiles in the aphids feeding on these 

cultivars also differed significantly. PLS is a multivariate method for regression 

analysis that we used to test the relationship between GLS profiles in phloem 

and GLS profiles in aphids feeding on those plants. To pre-process data, GLS 

concentrations were log-normalised, mean-centred and scaled to unit 

variance. 

Survival and sex ratio of predators were analysed with logistic 

regression in Gen Stat, including the factors prey species and plant cultivar. T-

probabilities were calculated to test pair-wise differences between means. 

Development time, adult dry weight, wing length, and head width were 

analysed using a three-way multivariate analysis of variance (MANOVA), 

including the factors prey species, plant cultivar and sex of the predator. 

MANOVA is used to test difference among groups for multiple dependant 

variables simultaneously. Besides this óoverall effectô, MANOVA also provides 

results from the univariate analysis for each individual performance parameter. 
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Pupal weight was not included in the MANOVA, because sex of the pupae 

could not be determined, and was therefore analysed only by a two-way 

ANOVA on the factors prey species and plant cultivar. If necessary to obtain 

normally distributed data, log-transformation was applied. Significant 

differences amongst prey treatments were further analysed with a post-hoc 

Tukey test.  

 

3.3 Results 

3.3.1 Aphid performance 

Nymphal survival of M. persicae was on average 63 Ñ 3% (mean Ñ SE) and 

did not differ among cultivars (logistic regression, d.f. = 3, deviance ratio = 

1.39, P = 0.256). Development time differed among the cultivars (ANOVA, 

F3,181 = 7.71, P < 0.001). Nymphs on cultivar Lennox developed slower than on 

the other three cultivars (post-hoc LSD tests; development time on Lennox 

13.0 Ñ 0.4 days [mean Ñ SE], on the other three cultivars on average 11.1 Ñ 

0.2 days). Aphid multiplication factor increased over time (repeated measures 

ANOVA, F6,336 = 337.20, P < 0.001) and was different between the cultivars 

(repeated measures ANOVA, F3,56 = 5.55; P = 0.002). At the end of the 

experiment (day 34), the multiplication factor of M. persicae was more than 

twice as high on Christmas Drumhead and Badger Shipper (107 Ñ 30 and 100 

Ñ 17 per plant respectively) than on Rivera and Lennox (39 Ñ 10 and 47 Ñ 9 

per plant respectively).  

Brevicoryne brassicae multiplication factors increased faster than M. 

persicae multiplication factors (repeated measures ANOVA, F1,127 = 152.16; P 

< 0.001) (Fig. 3.1). The ranking of the four white cabbage cultivars in terms of 

aphid multiplication factors of B. brassicae on these cultivars was similar to 

that of M. persicae (Fig. 3.1). 

 

3.3.2 GLS 

3.3.2.1 GLS in phloem of white cabbage plants 

At both phloem sampling times, phloem samples contained higher 

concentrations of indole GLS than aliphatic GLS, as analysed for all four 

cultivars combined (Mann-Whitney U, first sampling: U = 156.00, P < 0.001; 

second sampling: U = 309.00, P < 0.001; Table 3.1). Aromatic GLS were not 

detected in the phloem. There was no difference in total GLS concentrations in 

phloem between both sampling times (Mann-Whitney U, U = 551.00, P = 

0.053; Table 3.1).  
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There were no differences in concentrations of total, indole and 

aliphatic GLS in the phloem among the different cultivars (Kruskal Wallis H 

test, d.f. = 3, n = 10 per cultivar, P > 0.05 for all analyses), except for the 

second sampling time when the phloem of Badger Shipper plants contained 

higher total GLS concentrations than Lennox (Mann-Whitney U, U = 11.00, P = 

0.004). GLS profiles in the phloem were not different among the cultivars (no 

significant PLS-DA components could be extracted).  

Fig. 3.1 Multiplication factors (mean Ñ SE) of Myzus persicae (solid lines) and 

Brevicoryne brassicae (dotted lines) during 31 days of infestation of four white cabbage 

cultivars: Rivera (grey triangle), Lennox (grey circle), Christmas Drumhead (black 

square) and Badger Shipper (black diamond). Cultivar effects on multiplication factors 

were tested separately per aphid species, and different letters indicate differences 

between aphids reared on the different white cabbage cultivars at the level of P < 0.05 

(post-hoc LSD tests). n is 15-18 per aphid species x cultivar combination. Data on B. 

brassicae were derived from Broekgaarden et al. (2008). 
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3.3.2.2 GLS in Brevicoryne brassicae 

In third instar and adult aphids, concentrations of aliphatic GLS were higher 

than concentrations of indole GLS (Mann-Whitney U, L3 aphids: U = 255.00, P 

< 0.001; adult aphids: U = 14.00, P < 0.001; Table 3.1; Fig. 3.2). This contrasts 

to phloem samples, in which indole GLS concentrations were higher than 

those of aliphatic GLS. Aromatic GLS were not detected in B. brassicae. Adult 

aphids contained on average two times higher total concentrations of GLS 

than third instar nymphs when averaged over all cultivars (Mann-Whitney U, U 

= 326.00, P < 0.001; Table 3.1; Fig. 3.2), although adult aphids on Christmas 

Drumhead contained only about 70% more GLS than third instar nymphs (Fig. 

3.2). Compared with third instar nymphs, adult aphids contained higher 

concentrations of aliphatic and lower concentrations of indole GLS when 

averaged over all cultivars (Mann-Whitney U, aliphatic: U = 269.00, P < 0.001; 

indole: U = 520.00, P = 0.024; Table 3.1; Fig. 3.2).  

In both aphid developmental stages, there were no differences in 

concentrations of indole, aliphatic and total GLS among aphids reared on the 

different cultivars (Krukal Wallis H test, d.f. = 3, P > 0.05 for all analyses; Fig. 

3.2). In contrast to the total GLS concentration, the GLS profiles of third instar 

nymphs did differ among nymphs reared on the different cultivars (3 PLS-DA 

principal components, R2Xcum = 0.811, R2Ycum = 0.363, Q2cum = 0.201; Fig. 

3.3a). PLS-DA mostly separated GLS profiles of aphids reared on Christmas 

Drumhead and Badger Shipper from profiles of aphids reared on Rivera and 

Lennox (Fig. 3.3a). Fig. 3.3b shows the contribution of the GLS compounds to 

the discrimination among the aphid groups, based on the first two principal 

components. GLS profiles in adult aphids did not differ among aphids feeding 

on different cultivars (no significant PLS-DA components could be extracted). 

 

3.3.2.3 Correlations between GLS in phloem and Brevicoryne brassicae 

No correlations in indole, aliphatic and total GLS concentrations between the 

phloem of a plant and aphids feeding on that plant were found for both aphid 

developmental stages (Spearmanôs correlation, rs values were between -0.039 

and 0.216 and P > 0.05 for all correlations). Furthermore, we did not find a 

relationship between GLS profiles in the phloem and profiles in the aphids 

feeding on these plants at both sampling times (no significant PLS 

components could be extracted). 
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3.3.3 Predator performance 

3.3.3.1 Survival 

Survival of C. carnea until adult emergence was on average 92%. Prey 

species, plant cultivar or the interaction between both did not affect survival of 

C. carnea (logistic regression, P > 0.05 for both factors and the interaction). 

Survival of E. balteatus until adult emergence was on average 60%. Survival 

of E. balteatus was affected by prey species (logistic regression, d.f. = 1, 

deviance ratio = 11.79, P < 0.001) as it was lower when fed B. brassicae (49% 

survival) than when fed M. persicae (70% survival). Plant cultivar or its 

interaction with prey species had no effect on E. balteatus survival (logistic 

regression, P > 0.05 for both analyses).  

Fig. 3.2 Total glucosinolate (GLS) concentration (mean + SE) in third instar nymphs 

(L3) and adult Brevicoryne brassicae when reared on four white cabbage cultivars: 

Rivera, Lennox, Christmas Drumhead (CD) and Badger Shipper (BS). GLS were, 

based on their biosynthetic origin, divided into indole and aliphatic GLS. n = 10 for all 

aphid stage x plant cultivar combinations and for each sample, several hundreds of 

aphids collected from one plant were pooled. 
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3.3.3.2 Development time, adult weight, and adult size 

Prey species, plant cultivar, and predator sex affected the performance of both 

predator species in terms of development time and adult weight and size 

(Table 3.2). Although for E. balteatus interactions between the factors were 

observed (Table 3.2), effects on performance were mostly consistent for both 

predator species. In general, both predator species developed faster, although 

into smaller adults, when fed the generalist M. persicae compared with the 

specialist B. brassicae (Fig. 3.4; Fig. 3.5). For C. carnea, development was 

Fig. 3.3 Multivariate data analysis 

of the glucosinolate (GLS) profiles 

of third instar Brevicoryne 

brassicae nymphs reared on four 

white cabbage cultivars by PLS-

DA (projection to latent structures-

discriminant analysis). Plant 

cultivars are Rivera (R), Lennox 

(L), Christmas Drumhead (CD) 

and Badger Shipper (BS). a Score 

plot of the first two components of 

PLS-DA, which shows the 

distinction in GLS profiles of B. 

brassicae nymphs reared on the 

different cultivars. In brackets the 

percentage of variation explained 

is indicated; b Loading plot of the 

first two components of PLS-DA, 

which shows the contribution of 

each of the GLS compounds to 

the discrimination between the B. 

brassicae groups reared on the 

four plant cultivars. Aliphatic GLS: 

GNA = gluconapin, IBE = 

glucoiberin, IBV = glucoiberverin, 

PRO = progoitrin, RAPH = 

glucoraphanin. Indole GLS: GBC = 

glucobrassicin, 4MeOH = 4-

methoxyglucobrassicin, 4OH = 4-

hydroxyglucobrassicin 
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fastest and adults were larger when fed aphids (both the specialist and the 

generalist aphid) reared on Christmas Drumhead and Badger Shipper, while 

development was slowest and adults were smaller when fed aphids reared on 

Rivera and Lennox (Fig. 3.4; Fig. 3.5). For E. balteatus, the effect of plant 

cultivar on development time and adult size was less consistent and depended 

on the prey species (Table 3.2), but mostly similar cultivar effects were 

observed as for C. carnea (Fig. 3.4; Fig. 3.5).  

 

3.3.3.3 Effect of predator sex 

Sex ratios were 48% females for C. carnea and 52% females for E. balteatus 

and did not differ among the different prey species x plant cultivar 

combinations (logistic regression, P > 0.05 for all combinations). The sex of 

the predatory larvae affected their performance (Table 3.2). Irrespective of 

prey species or host plant, C. carnea females developed slower than males 

(24.3 Ñ 0.2 days [mean Ñ SE] and 23.8 Ñ 0.2 days respectively) and developed 

into heavier adults than males (2.04 Ñ 0.02 mg and 1.72 Ñ 0.02 mg 

respectively). Development times of E. balteatus females and males (20.0 Ñ 

0.3 days and 20.1 Ñ 0.3 days respectively) did not differ, but only when fed B. 

brassicae, E. balteatus females developed into lighter adults than males (3.20 

Ñ 0.10 mg and 3.91 Ñ 0.15 mg respectively). 

 

3.4 Discussion 

3.4.1 Prey species effect 

The two predator species, C. carnea and E. balteatus, exhibited slower 

development and E. balteatus exhibited lower survival when fed the specialist 

herbivore B. brassicae, than when fed the generalist herbivore M. persicae. 

Although the two aphid species probably differ in many ways, and displayed 

differential population growth on white cabbage, we propose that the observed 

difference in predator performance can be attributed to an important extent to 

the difference in concentrations of GLS and their hydrolysis products between 

the prey species (Gols and Harvey 2009). Brevicoryne brassicae sequesters 

GLS in high concentrations (100-150 times higher than in the phloem of its 

host plant, according to Hopkins et al. (2009)) and contains its own aphid-

specific myrosinase that hydrolyses the GLS in its body upon damage by 

natural enemies (Jones et al. 2001; Francis et al. 2002). Myzus persicae does 

not sequester GLS, and excretes the ingested GLS in the honeydew (Francis 

et al. 2001b), but it does contain GLS in the gut that could potentially harm 
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predators. However, M. persicae does not contain myrosinases that could 

break down the GLS into toxic breakdown products. Therefore, predators face 

much higher concentrations of GLS and GLS hydrolysis products when 

feeding on B. brassicae than when feeding on M. persicae, which seems to 

correlate negatively with predator performance as observed in a separate 

experiment.  

Interestingly, we document that the sequestration of GLS by B. 

brassicae from the host plantôs phloem is selective. While indole GLS 

dominated in the phloem of white cabbage plants, aliphatic GLS dominated in 

the aphids. (Note that our method of collecting phloem sap inherently sampled 

a small amount of mesophyll fluids mixed with the phloem sap). Total GLS 

concentrations were more than two times higher in adult aphids than in third 

instar nymphs, confirming the observation by Kazana et al. (2007) that B. 

brassicae continues to sequester GLS during its development. Furthermore, 

from the third instar to the adult stage, aliphatic GLS were sequestered in 

higher concentrations, while concentrations of indole GLS decreased. The 

high sequestration of aliphatic GLS, but not of indole GLS, can be explained 

by the difference in toxicity between both. Formation of toxic hydrolysis 

products of plant aliphatic GLS is prevented in aphids due to the intercellular 

Fig. 3.4 Development time in days (mean + SE) of Chrysoperla carnea and Episyrphus 

balteatus when fed Myzus persicae or Brevicoryne brassicae reared on one of four 

different white cabbage cultivars: Rivera, Lennox, Christmas Drumhead (CD) and 

Badger Shipper (BS). Within a prey species, different letters above the bars indicate 

significant differences related to prey being reared on different cultivars at the level of P 

< 0.05 (Tukey post hoc multiple comparison test). n tested per prey x cultivar 

combination is indicated in each bar 
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path taken by aphid stylets to reach the phloem (Tjallingii and Hogen Esch 

1993), thus allowing aphids to ingest phloem GLS without bringing these 

compounds into contact with plant myrosinases (Andreasson et al. 2001; de 

Vos et al. 2007; Kim and Jander 2007). Indole GLS, in contrast, have been 

shown to be broken down to toxic hydrolysis products independently of 

myrosinase activity (Kim and Jander 2007; Kim et al. 2008). Indole GLS may, 

therefore, be detrimental for B. brassicae, as was suggested by Cole (1997), 

providing an explanation for the low sequestration of these GLS. Aliphatic GLS 

undergo fast enzymatic degradation by purified aphid myrosinase, whereas 

the lowest activity of aphid-produced myrosinase is observed with indole GLS 

(Francis et al. 2002), and higher sequestration of aliphatic GLS by B. 

brassicae may therefore lead to higher toxicity to predators, without affecting 

aphid performance itself. 

The mechanism underlying the high sequestration of aliphatic GLS, 

but low sequestration of indole GLS by B. brassicae could be that transporters 

for GLS uptake in insects may be rather specific. While the GLS-sequestering 

sawfly Athalia rosae sequesters mostly aliphatic GLS, and almost no indole 

GLS (M¿ller 2009), another species of this genus, A. liberta, has been shown 

to be able to sequester indole GLS (Opitz et al. 2010). Unfortunately, nothing 

Fig. 3.5 Adult dry weight in milligrams (mean + SE) of Chrysoperla carnea and 

Episyrphus balteatus when fed Myzus persicae or Brevicoryne brassicae reared on one 

of four different white cabbage cultivars: Rivera, Lennox, Christmas Drumhead (CD) 

and Badger Shipper (BS). Within a prey species, different letters above the bars 

indicate significant differences related to prey being reared on different cultivars at the 

level of P < 0.05 (Tukey post hoc multiple comparison test). n tested per prey x cultivar 

combination is indicated in each bar 
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is known yet about the exact mechanisms underlying GLS sequestration or the 

specificity of GLS transporters (Opitz et al. 2010). 

Although development of both predator species was slower and 

survival of E. balteatus was lower when fed B. brassicae, predator size was 

larger when feeding on this aphid species. Predator size is generally positively 

correlated with lifetime fecundity, as was shown for E. balteatus (Branquart 

and Hemptinne 2000). Fitness of an individual, however, is not necessarily 

affected equally by the different performance parameters we have measured. 

Aphid species are so-called r-selected, colonizing species, characterised by 

fast development, fluctuating population densities in response to changing 

environments and abundant offspring production (Lewontin 1965; Caswell and 

Hastings 1980; Carter and Dixon 1981; Ankersmit et al. 1986). Under such 

selection pressures an increase in developmental rate has a more pronounced 

effect on an individualôs fitness than an increase in lifetime fecundity (Caswell 

and Hastings 1980). If natural enemies of aphids are under the same selection 

pressures as their prey, short development time would also be favoured over 

offspring production, as has been suggested for aphid parasitoids (Sequeira 

and Mackauer 1994 and references therein). We assume, therefore, that 

development time and survival of aphid predators are more important 

components of their fitness than adult size. 

 

3.4.2 Plant cultivar effect 

The performance of a natural enemy is often positively correlated with the 

performance of its host or prey (Benrey et al. 1998; Sznajder and Harvey 

2003). In support of this, the performance of C. carnea and E. balteatus when 

fed aphids reared on the four cultivars reflected the performance of the aphids 

themselves on these cultivars: aphids and predators performed better on 

Christmas Drumhead and Badger Shipper than on Rivera and Lennox (Fig. 

3.1, 3.4 and 3.5). However, in the case of B. brassicae, not only aphid 

performance itself, but also the GLS content of the aphids has likely influenced 

predator performance, because GLS concentrations reached high levels in 

these aphids. These high concentrations of GLS likely led to high 

concentrations of GLS hydrolysis products after breakdown by the aphid 

myrosinase, although we did not quantify GLS and their hydrolysis products 

separately. Predators developed generally faster and into larger adults when 

fed B. brassicae reared on Christmas Drumhead and Badger Shipper than 

when fed B. brassicae reared on Rivera and Lennox. These two distinct 
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groupings in predator performance matched the groupings of GLS profiles of 

the aphids reared on the different plant cultivars, but not the total indole, total 

aliphatic or overall total GLS concentrations. Although we believe that the 

differences in GLS profiles, rather than total concentrations of GLS, among 

aphids developing on the different cultivars influenced predator performance, 

we cannot rule out potential effects of other aspects of aphid quality on 

predator performance. In a study with A. rosae, haemolymph of the larvae 

deterred ants and predatory wasps more strongly than the individual major 

GLS compounds in the haemolymph (M¿ller et al. 2002; M¿ller and Brakefield 

2003). It is, however, not clear whether this stronger deterrence was due to 

other GLS compounds in the haemolymph, in agreement with our hypothesis 

that GLS profiles rather than total concentrations influence natural enemies, or 

whether this stronger deterrence was due to completely different compounds.  

 

3.4.3 Conclusion 

Our study shows that not only the prey species, but also the plant cultivar can 

have an effect on the performance of predators. When fed B. brassicae 

populations reared on different plant cultivars, differences in predator 

performance matched differences in GLS profiles among the aphids, although 

we did not test other aspects of aphid chemistry. Predator performance, in 

terms of survival and development time, was lower when predators were fed 

the specialist aphid B. brassicae that selectively sequestered GLS from its 

host plant and contains its own aphid-specific myrosinase, than when fed the 

non-sequestering M. persicae. Breakdown products of GLS are known to 

confer direct resistance against a wide variety of herbivores, and our results 

imply that aphid GLS and their hydrolysis products negatively affected aphid 

predators. This suggests that in the tritrophic system tested, in which GLS are 

the main secondary metabolites, there might be a conflict between direct and 

indirect resistance.  

The conflict between direct and indirect resistance may not be a 

general trend in nature and may, for example, not arise for specialist natural 

enemies. Specialist natural enemies that are adapted to feeding on GLS-

containing herbivores, such as the aphid parasitoid Diaeretiella rapae, are 

probably not affected negatively by higher concentrations of GLS in their hosts 

(Le Guigo et al. 2011). Parasitoid wasps such as D. rapae have been shown to 

be attracted to volatile breakdown products of GLS that are indicators of host 

presence (Bradburne and Mithen 2000; Blande et al. 2007). For attraction of 
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natural enemies by volatile breakdown products of GLS, not only total 

concentrations of GLS are important, but also the side-chain of the GLS, as 

breakdown of aliphatic GLS leads to higher emission of volatiles than 

breakdown of indole GLS (Hopkins et al. 2009).  

Our findings suggest that plants might be subject to a conflict between 

the consequences of producing higher or lower levels of GLS. Higher levels 

enhance resistance against herbivores and attract specialist natural enemies; 

lower levels improve the performance of generalist natural enemies, possibly 

leading to balancing selection on plant GLS levels. This hypothesis may be 

tested by varying only levels and profiles of GLS hydrolysis products in the diet 

of natural enemies, either by using artificial diets containing GLS that are 

offered in combination with myrosinases, or by rearing host and prey on plants 

that have been genetically engineered to produce modified GLS levels and 

profiles.  
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Abstract 

Arthropod communities are structured by complex interactions between bottom

-up (resource-based) and top-down (natural enemy-based) forces. Their 

relative importance in shaping arthropod communities, however, continues to 

be under debate. Bottom-up and top-down forces can be affected by 

intraspecific plant variation, for example by differences in concentrations of 

secondary metabolites that affect herbivore abundance through plant quality 

(bottom-up) or attract natural enemies of these herbivores (top-down). Our 

objective was to investigate whether herbivore abundance is more strongly 

affected by plant-mediated bottom-up or top-down forces. 

We used a model system of four cultivars of Brassica oleracea that 

show a high degree of variation in several plant traits, resistance to herbivores 

and attraction of natural enemies. During two field seasons, we recorded the 

abundance of several herbivorous and carnivorous insect species. To assess 

the relative importance of bottom-up and top-down forces, we quantified 

chemical and morphological traits of the cultivars (bottom-up) and assessed 

parasitisation of herbivores and predator oviposition on plants inoculated with 

a controlled number of herbivores (top-down). 

We show that intraspecific variation in plant chemistry and morphology 

consistently affects the abundance of insect herbivores and their natural 

enemies, resulting in cascading effects on tritrophic interactions in the 

associated insect community. Foliar profiles of glucosinolates and leaf 

toughness appeared most important for these effects. Brassica oleracea 

cultivars that harboured the largest numbers of herbivores also harboured the 

largest numbers of natural enemies. Differences in the fraction of herbivores 

parasitized and in predator oviposition on plants inoculated with a controlled 

number of herbivores could not explain the differences in natural abundance of 

herbivores.  

Although abundance of herbivores is most likely influenced by a 

combination of bottom-up and top-down forces, it appears that in the tritrophic 

system investigated, bottom-up forces (plant chemistry and morphology) were 

more important for herbivore abundance than plant-mediated top-down forces 

(attraction and arrestment of natural enemies). 
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4.1 Introduction 

Arthropod communities are structured by bottom-up (resource-based) and top-

down (natural enemy-based) forces (Hunter and Price 1992; Forkner and 

Hunter 2000; Aquilino et al. 2005). Effects of plants on herbivores can 

ócascade upô the food web and determine species diversity and population 

dynamics at higher trophic levels (Hunter and Price 1992; Bukovinszky et al. 

2008). Carnivores can have effects on herbivore communities via predator-

prey interactions and may also, indirectly, influence the abundance of plant 

species (Schmitz et al. 2000; Halaj and Wise 2001). Although often studied 

separately, bottom-up and top-down forces do not act in isolation but interact 

in complex ways (Dicke and Hilker 2003). Their relative importance in shaping 

arthropod communities, however, continues to be under debate (Hunter and 

Price 1992; Forkner and Hunter 2000; Schmitz et al. 2000; Walker et al. 2008). 

Bottom-up and top-down forces can both be affected by intraspecific 

plant variation. For example, differences in concentrations of secondary 

metabolites among wild plant populations or cultivars can affect the 

abundance of insect herbivores and consequently, the abundance of their 

natural enemies (bottom-up forces) (Whitham et al. 2003; Bukovinszky et al. 

2008; Newton et al. 2009b; Poelman et al. 2009b). Intraspecific differences in 

quality or quantity of volatile blends can result in differential attraction of 

natural enemies of herbivores (Hoballah et al. 2002; Gols et al. 2009; Poelman 

et al. 2009a), leading to plant-mediated differences in top-down control of 

herbivores. Thus, intraspecific variation can have large effects on insect 

communities via both bottom-up and top-down mechanisms (Crutsinger et al. 

2006; Johnson et al. 2006; Newton et al. 2009b; Poelman et al. 2009b).  

Here, we investigated whether herbivore abundance is more strongly 

affected by plant-mediated bottom-up or top-down forces. We used a model 

system of four Brassica oleracea L. cultivars that differ in their resistance to 

herbivores and interactions with natural enemies, and exhibit significant 

intraspecific variation in glucosinolates (GLS) and herbivore-induced volatiles 

(Broekgaarden et al. 2008; Poelman et al. 2008b; Poelman et al. 2009a; 

Kabouw et al. 2010a). GLS are defensive secondary plant metabolites 

characteristic for Brassicaceae and hydrolysed upon disruption of plant tissue 

by the enzyme myrosinase and, depending on the type of GLS, form 

hydrolysis products such as (iso)thiocyanates and nitriles that are toxic to 

(mainly generalist) herbivores (Bones and Rossiter 2006; Halkier and 

Gershenzon 2006). We quantified the abundance of several insect herbivores 
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and their natural enemies on each of the B. oleracea cultivars during two field 

seasons. We assessed the importance of bottom-up forces on herbivore 

abundance by quantifying chemical and morphological traits of the cultivars, 

and we assessed the importance of top-down forces on herbivore abundance 

by quantifying parasitisation of herbivores and predator oviposition on each of 

the cultivars. 

 

4.2 Materials and methods 

4.2.1 General approach  

A single common garden was established in an agricultural field near 

Wageningen, The Netherlands. In this common garden, we established 32 

plots containing a monoculture of one of the four B. oleracea cultivars, 

resulting in eight plots per cultivar. In the common garden, we performed 

several experiments.  

To quantify the abundance of several herbivores and carnivores over 

time, we monitored the nine central plants of each plot. We selected two 

herbivorous insect species that represent common members of the insect 

community on B. oleracea (Poelman et al. 2009b). In addition, we studied the 

abundance of the associated natural enemies. We repeated this experiment 

over two field seasons (2008 and 2009) to test for consistency of our results 

over time.  

To investigate whether bottom-up forces explained the observed 

differences in herbivore abundance, we quantified chemical and morphological 

traits of the cultivars in the field. We used the same central plants of each plot 

as we used for quantifying insect abundance.  

To investigate whether top-down forces explained the observed 

differences in herbivore abundance, we assessed parasitisation of herbivores 

and predator oviposition on plants inoculated with a controlled number of 

herbivores. We selected plants in each plot other than the nine central plants. 

We used a fixed number of herbivores to rule out host-density-dependent 

effects on top-down control of herbivores and to focus only on differences in 

attraction and arrestment of natural enemies among cultivars.  

By combining the results from all experiments, the relative importance 

of bottom-up and top-down forces on herbivore abundance was assessed. 

 

4.2.2 Plants and insects  

Four white cabbage (Brassica oleracea L. convar. capitata var. alba) cultivars 
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were used: Christmas Drumhead and Badger Shipper (Centre for Genetic 

Resources, CGN, Wageningen, The Netherlands), representing older, open 

pollinated, cultivars, and Lennox and Rivera (Bejo Zaden BV, Warmenhuizen, 

The Netherlands), representing more recently cultivated, commercially grown, 

F1 hybrids. Seeds were germinated on peat soil (Lentse potgrond no. 1, Lent, 

The Netherlands) in a greenhouse at 20Á Ñ 2ÁC; 40-70% relative humidity (RH) 

and a 16:8 h light:dark (L:D) photoregime. Plants were watered daily and 

received additional nutrients once a week [concentration 1.8 mg L
-1 
(N-P-K-

MgO; 19-6-20-3); Kristalon Blauw, Hydro Agri, Rotterdam, The Netherlands]. 

Minimum light intensity was maintained above 210 PAR (Õmol m
-2
 s

-1
) by high-

pressure sodium lamps (SON-T, Philips, Eindhoven, The Netherlands).  

For the inoculation treatments in the field we used cultures of the leaf 

chewing Plutella xylostella L. (diamondback moth; Lepidoptera: 

Yponomeutidae) and the phloem sucking Brevicoryne brassicae L. (cabbage 

aphid; Hemiptera: Aphididae) (Fig. 4.1) that were maintained on Brussels 

Sprouts (B. oleracea L. var. gemmifera cv. Cyrus) in a climatised room at 22Á Ñ 

2ÁC, 60-70% RH and a 16:8 h L:D photoregime. 

Fig. 4.1 Caterpillar of the diamondback moth, Plutella xylostella (A) and nymph of the 

cabbage aphid, Brevicoryne brassicae (B) (photographs by Tibor Bukovinszky; 

www.bugsinthepicture.com). 
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4.2.3 Common garden set-up 

Ten days after germination, individual seedlings were transferred to peat soil 

cubes. Two-and-a-half-week old plants were moved outside the greenhouse to 

acclimatize to field conditions. In week 18 (late April) five-week-old plants were 

transplanted, with their soil cubes, into the soil at the common garden. We 

established 32 plots (6 x 6 m), each containing a monoculture of 49 plants of 

one of the four cultivars. Cultivars were assigned to plots using a randomized 

design. The plants were planted in a 7 x 7 square and separated by 75 cm of 

bare soil. A 6-m strip sown with Lolium and Poa grasses separated the plots. 

The common garden was fertilized once at the beginning of the season with 

dry pellets of organic fertilizer (Culterra, Workum, The Netherlands, N-P-K; 10-

4-6 micro).  

 

4.2.4 Insect abundance 

From week 23 (early June) until week 36 (early September) in both study 

years, the nine central plants of each plot were monitored weekly for the 

presence of the following insect species: non-mining caterpillars and pupae of 

P. xylostella and pupae of its parasitoid Diadegma semiclausum Hell®n 

(Hymenoptera: Ichneumonidae); colony size of B. brassicae aphids and other 

aphids; mummies (pupae of the parasitoid inside the host integument) of the 

aphid parasitoid Diaeretiella rapae McIntosh (Hymenoptera: Braconidae); 

larvae and pupae of the predator Episyrphus balteatus de Geer (Diptera: 

Syrphidae) and eggs, larvae and pupae of the predator Chrysoperla carnea 

Stephens (Neuroptera: Chrysopidae). For each week, we averaged the 

number of each of the selected insect species per plot. 

 

4.2.5 Chemical and morphological traits of field plants 

In 2008, we quantified GLS, amino acid, and sugar contents of intermediate-

aged leaves of the nine central plants of each plot. In 2009, we adapted our 

method based on the results from 2008. Because sugar and amino acid 

contents of plants in 2008 were not correlated with insect abundance (see 

Results) we assessed only GLS composition in 2009. To test for differences in 

chemical composition among leaf ages, we analysed young (3
rd
 youngest 

leaf), intermediate-aged (between 8
th
 and 10

th
 youngest leaf) and old (3

rd
 

oldest leaf) leaves separately in 2009. Each plant had ca. 20-25 leaves in total. 

Furthermore, we included measurements of morphological traits as we 

observed that the cultivars differed greatly in morphology. 
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4.2.5.1 Chemical traits (2008 and 2009) 

Leaf material of four plants of each plot was sampled at the peak of insect 

abundance (week 29; mid July) in both years and pooled into one sample per 

plot. All plant material was flash-frozen in liquid nitrogen, transferred to a -80 Á

C freezer, freeze-dried and ground into a fine powder of which approximately 

100 mg was used in the analysis. GLS analyses were further performed as 

described by Kabouw et al. (2010a) and van Dam and Oomen (2008). Soluble 

sugars and amino acids were extracted and analysed as described previously 

by van Dam and Oomen (2008). 

 

4.2.5.2 Morphological traits (2009) 

In 2009, an index of the developmental stage of the nine central plants of the 

plots, on which insect abundance was measured, was recorded weekly 

according to de Moel et al. (1996). The relevant part of this scale ranges from 

2.0 (first leaf appearance), through 3.0 (onset of head formation) and 4.0 

(optimal harvest stage) to 4.9 (overripe and cracked).  

In week 29 (mid July), four of the nine central plants were harvested 

for measuring morphological traits. We measured fresh weight of the plants by 

weighing the shoot. For analysis of the amount of leaf surface wax of each of 

the cultivars, a leaf disk with a diameter of 9.2 cm (66.48 cm
2
) was cut from an 

intermediate-aged leaf from three plants per plot. All three leaf disks were 

dipped in 50 ml chloroform (99%, BDH laboratory supplies, England) for 30 

seconds to collect leaf surface wax. The chloroform solution was evaporated 

to a volume of 1 ml by gently leading a nitrogen flow over the solution while 

heating it to 40ÁC. Fifty ɛl of the 1 ml sample was pipetted onto a pre-weighed 

glass cover slip (24 x 40 mm). After the chloroform had evaporated, the 

amount of wax was determined by re-weighing the cover slip.  We averaged 

the amount of wax for the three sampled plants in each plot. 

Leaf toughness was measured separately for young, intermediate-

aged and old leaves of four plants of each plot. We determined the force that 

is required to penetrate the leaf as an indicator of leaf toughness using the 

Instron hardness meter (Instron 4301, Instron Int. Ltd). A pin with a diameter of 

3.18 mm that generates a maximum force of 5 kN was used to penetrate the 

adaxial side of the leaf, in the centre of the leaf, 2 cm from the main vein, 

avoiding penetration of other veins. 

Light reflectance by the leaf surface of young, intermediate-aged and 

old leaves of two plants per plot was measured by using a Perkin Elmer 
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spectrophotometer (Perkin Elmer, Lambda 950, UV/VIS Spectrometer, 

Shelton, Connecticut, USA). Measurements were made on the adaxial side of 

the leaf, in the top right corner, avoiding veins. Analyses were done on the 

percentage reflectance at 330 nm (representing relative reflectance of UV 

light), 550 nm (representing relative reflectance of green light) and 680 nm 

[representing relative reflectance of photosynthetically active wavelengths; 

Holmes and Keiller (2002)].  

 

4.2.6 Parasitisation and predator oviposition responses to inoculated 

herbivores 

We assessed parasitisation of P. xylostella caterpillars and B. brassicae 

aphids on plants inoculated with a controlled number of herbivores. A single 

plant of every plot was inoculated weekly from week 25 (mid June) until week 

36 (early September). Every week we used a different plant in the plot, but the 

nine central plants and the outer rows of each plot were excluded.  

 

4.2.6.1 Parasitisation of P. xylostella 

Plants were inoculated with P. xylostella in the odd weeks of 2008 and weekly 

in 2009. Twenty second-instar caterpillars were placed on one leaf of the plant, 

recollected after three days, and reared on Brussels sprouts leaves until adult 

moth or adult parasitoid emergence. The sex of the wasps was recorded. Due 

to a problem with the P. xylostella rearing that started in August 2009, 

parasitisation of P. xylostella in 2009 was assessed only until week 30 (late 

July). 

 

4.2.6.2 Parasitisation of B. brassicae and predator oviposition 

Plants were inoculated with B. brassicae in the even weeks of 2008. Twenty 

adult aphids in clip cages were transferred to four leaves of each plant. Adult 

aphids and clip cages were removed after three days, and the offspring 

produced was standardized to 30 nymphs per plant. After four days, the 

nymphs were recollected from the field, fed with Brussels sprouts leaves and 

reared until mummy formation.  

However, we adapted our method for B. brassicae aphids in 2009, 

because we observed that with increasing age of the plants, the mortality of 

aphids transferred to two of the cultivars (Rivera and Lennox) increased 

dramatically (data not shown). To assure survival of aphids on the plants, we 

used greenhouse-grown plants. Inoculation was done on a weekly basis from 

file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_148#_ENREF_148
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week 23 (early June) until week 36 (early September). At the same time, 

oviposition by aphid predators could be tested by counting the number of eggs 

on the plants. To obtain potted plants, individual seedlings were transferred to 

1.45 L pots eight days after germination and used when they were seven 

weeks old. Thirty-six adult aphids in clip cages were transferred to three young 

leaves of 15 plants of each B. oleracea cultivar. Adult aphids and clip cages 

were removed after three days, and the offspring produced was standardized 

to 90 nymphs per plant. The plants were transferred to the common garden 

and randomly distributed over 20 newly developed plots in sets of three plants 

of the same cultivar. These newly developed plots were bare plots of 1 m x 1 

m established in the middle of the grass strip in between the previously 

described plots. After three days, the number of recovered aphids, E. balteatus 

eggs and C. carnea eggs was recorded. To check for parasitism by D. rapae, 

the recovered aphids were fed with Brussels sprouts leaves and reared until 

mummy formation. Per plot, we averaged the data of the three plants, resulting 

in five replicates per B. oleracea cultivar per week. 

 

4.2.7 Statistical analysis 

4.2.7.1 Insect abundance 

Statistical analyses were performed using SPSS for Windows (15
th
 edition, 

Chicago, Illinois, USA), unless indicated otherwise. Abundance over time of 

the selected insect species was analysed for both years separately using 

structured repeated measurements mixed models with the repeated structure 

type AR (1). The average number of the selected insect species per plant in a 

plot was log- or square-root normalized (based on which transformation 

provided the best model fit), and modelled by the factors cultivar, week (23-

36), and the factorial interaction. Plot was used as a random factor. Mean 

differences between cultivars were compared using post-hoc LSD tests. 

Larvae and pupae of C. carnea were only observed occasionally and were 

omitted from the analysis.  

We also tested differences in the fraction of naturally occurring 

herbivores that were parasitized using Generalized Linear Mixed Models 

(GLMMs) in the program GenStat (12
th
 edition, VSN International, UK). Plot 

was included as a random factor. The study weeks that were included in the 

model were determined per model: weeks in which half of the plots did not 

contain any of the relevant herbivores were omitted from the analysis. In all 

GLMMs and GLMs (Generalized Linear Models) performed in this study, a 
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binomially distributed dependent variable with fixed binomial totals was used in 

the model (binomial distribution, logit link function, dispersion estimated). The 

factors cultivar, study week, and the interaction were included in a full-factorial 

design. See Table S4.1 in Supporting Information for a detailed description of 

each GLMM analysis. 

 

4.2.7.2 Chemical and morphological traits of field plants 

We used two different statistical approaches to assess the importance of 

chemical and morphological traits on insect abundance. First, we analysed 

differences in plant traits among the cultivars, to test whether there was 

intraspecific chemical and morphological variation in B. oleracea, and thereby 

potential for differences in bottom-up control of herbivores in this system. 

Second, to correlate plant traits with insect abundance, we performed 

multivariate regression analyses, in which we could assess the importance of 

the different chemical and morphological plant traits for insect abundance. 

Differences in total concentrations of primary and secondary 

metabolites among B. oleracea cultivars were analysed by analysis of variance 

(ANOVA) or, if assumptions on normality were violated, Kruskal Wallis H-tests. 

For all ANOVAs performed in this study, post-hoc Tukey tests were used for 

pairwise differences among means. Similarly, for all Kruskal Wallis H-tests, 

Mann-Whitney U-tests were used for pairwise differences. For GLS, 

concentrations of indole and aliphatic GLS, were analysed separately. 

Because the only aromatic GLS (gluconasturtiin) was found in only trace 

amounts, this compound was excluded from statistical analysis. An 

unidentified sugar was found that contributed max. 6% of the total sugar 

content; this sugar was not included in the analysis.  

Changes in developmental stage index of plants over time was 

analysed as described above for the insect abundance. The average fresh 

plant weight per plot was analysed by one-way ANOVA on the factor cultivar. 

The amount of wax on the surface of intermediate-aged leaves was analysed 

by Kruskal-Wallis H-tests. The force necessary to penetrate the leaf was 

averaged per plot, log-normalized and analysed by two-way ANOVA for the 

factors cultivar, leaf age, and the factorial interaction. Percentage of light 

reflectance at 330 nm, 550 nm and 670 nm was averaged per plot, arcsin-

square root transformed and analysed by two-way ANOVA. 

Metabolite profiles of intermediate-aged leaves were analysed by 

projection to latent structures-discriminant analysis (PLS-DA) in SIMCA-P (12
th
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edition, Umetrics, Ume¬, Sweden) (Eriksson et al. 2006). PLS-DA is a 

multivariate discriminant analysis that we used to test whether GLS, amino 

acid and sugar profiles differed among cultivars.  

The relationship between chemical and morphological traits of B. 

oleracea plants and insect abundance on those plants was analysed by partial 

least squares projections to latent structures (PLS) in SIMCA-P, an approach 

similar to regression analysis (Eriksson et al. 2006). For both years and for the 

different plant traits we constructed separate models. For each model, the 

variable importance in the projection (VIP) was calculated. Variables with a 

VIP value higher than 1 are most influential for the model (Eriksson et al. 

2006). To pre-process data for PLS-DA and PLS analysis, they were log-

normalized, mean-centred, and scaled to unit variance. 

 

4.2.7.3 Parasitisation and predator oviposition responses to inoculated 

herbivores 

The fraction of experimentally released P. xylostella caterpillars or B. 

brassicae aphids that were recovered from the field, the fraction of recollected 

caterpillars or aphids that were parasitized and the fraction of D. semiclausum 

adults that were female in the parasitisation and predator oviposition 

experiment were analysed by Generalized Linear Models in GenStat (see 

Table S4.1 for a detailed description of each GLM analysis). Two-sided t-

probabilities were calculated to test pair-wise differences between means. The 

number of E. balteatus and C. carnea eggs were analysed by Kruskal-Wallis H

-tests because these data were not normally distributed, and modelled by the 

factor cultivar. 

 

4.3 Results 

4.3.1 Insect abundance 

In both years, all insect species showed clear population fluctuations over time 

(time effect, repeated measures mixed models, P < 0.001 for all insect 

species; Figs 4.2 and 4.3; Table S4.2). Despite these clear temporal effects, 

plant cultivar consistently affected insect abundance (cultivar effect, repeated 

measures mixed models, P < 0.001 for all insect species in either one or both 

years; Table S4.2). Overall, herbivores and their natural enemies were more 

abundant on Badger Shipper and Christmas Drumhead compared to Rivera 

and Lennox [Figs 4.2, 4.3 and S4.1; Table S4.2. Note that Figs 4.2 and 4.3 

show the data of the study year in which the abundance of the herbivore was 
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highest (2009 for P. xylostella and 2008 for B. brassicae) and Fig. S4.1 shows 

the data of the other study year].  

The fractions of herbivores that were parasitized also changed over 

time in both years (time effect, GLMM, P < 0.001 for both herbivores; Table 

S4.3). For every herbivore-parasitoid complex, the fraction of herbivores that 

was parasitized was often smallest on cultivars that harboured the largest 

herbivore numbers (Christmas Drumhead and Badger Shipper) (Table S4.4), 

although differences among cultivars were mostly not significant (Table S4.3). 

 

4.3.2 Chemical and morphological traits of field plants 

4.3.2.1 GLS 

GLS profiles were comparable between both study years, and were different 

among the B. oleracea cultivars (cultivar effect, 2008: 4 PLS-DA principal 

components, R2Xcum = 0.959, R2Ycum = 0.621, Q2cum = 0.431; 2009: 3 PLS-DA 

principal components, R2Xcum = 0.787, R2Ycum = 0.536, Q2cum = 0.405). The 

PLS-DA models showed that Rivera and Lennox were similar in terms of GLS 

profile, while Christmas Drumhead and Badger Shipper were different from 

each other and from Rivera and Lennox (Figs 4.4A and 4.4B). In both years, 

Christmas Drumhead had the highest and Badger Shipper the lowest 

concentrations of most GLS. Rivera and Lennox had the highest glucoiberin 

and sinigrin concentrations (Figs 4.4C and 4.4D).  

In general, young leaves contained the highest and old leaves the 

lowest concentrations of indole, aliphatic and total GLS although patterns 

among cultivars differed to some extent (Table 4.1 and S4.5). 

Fig. 4.2 Abundance of Plutella xylostella caterpillars and their parasitoids over time on 

plants of four Brassica oleracea cultivars in a common garden experiment in 2009. (A) 

the lepidopteran herbivore P. xylostella (mean number of caterpillars per plant Ñ SE); 

(B) the parasitoid Diadegma semiclausum (mean number of pupae per plant Ñ SE).  
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In both years, insect abundance was correlated with GLS profile 

(2008: 1 PLS-component, R2X = 0.387, R2Y = 0.134, Q2cum = 0.045; 2009: 1 

PLS-component, R2X = 0.294, R2Y = 0.199, Q2 = 0.101; Figs 4.5A and 4.5B). 

Based on the highest VIP-values in both years, glucoiberin influenced 

abundance of herbivores and their natural enemies most. In general, plants 

with low concentrations of glucoiberin and high concentrations of most other 

Fig. 4.3 Abundance of aphids and their parasitoids and predators over time on plants of 

four Brassica oleracea cultivars in a common garden experiment in 2008. (A) the aphid 

Brevicoryne brassicae (mean number of aphids per plant Ñ SE); (B) other aphids (mean 

number of aphids per plant Ñ SE); (C) the aphid parasitoid Diaeretiella rapae (mean 

number of parasitized B. brassicae per plant Ñ SE); (D) the syrphid predator Episyrphus 

balteatus (mean number of larvae per plant Ñ SE); (E) the lacewing predator 

Chrysoperla carnea (mean number of eggs per plant Ñ SE).  
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GLS, like gluconapin, progoitrin, and glucoraphanin, harboured higher 

herbivore and natural enemy abundances (Figs 4.5A and 4.5B). The 

abundance of the natural enemies was highly correlated with the abundance of 

their host or prey (Fig. 4.5A and 4.5B). 

 

4.3.2.2 Amino acids and sugars 

The total concentrations of amino acids in 2008 did not differ among plant 

cultivars (Table 4.1 and S4.5). Amino acid profiles on the other hand, differed 

among cultivars (cultivar effect, 1 PLS-DA principal component, R2 = 0.174, 

R2Y = 0.259, Q2 = 0.124), although the variation that was explained by the 

model was small (17.4%; Fig. 4.4E). PLS analysis did not show a correlation of 

insect abundance with amino acid profiles. 

Three sugars were identified: glucose, fructose and sucrose. There 

were no differences in total sugar concentrations (Table 4.1 and S4.5), or in 

the sugar profiles among the cultivars. Furthermore, the PLS analysis did not 

show a correlation between insect abundance and sugar profiles. 

 

4.3.2.3 Plant morphology 

Plant developmental stage index values differed among the four cultivars 

(repeated mixed models: cultivar: d.f. = 3, F = 181.06, P < 0.001; time: d.f. = 

13, F = 390.63, P < 0.001; interaction d.f. = 39, F = 11.35, P < 0.001). 

Christmas Drumhead and Badger Shipper developed faster than Lennox, and 

Fig. 4.4 Multivariate analysis of the glucosinolate (GLS) and amino acid profiles of field 

plants of four Brassica oleracea cultivars: Rivera (Ri), Lennox (Le), Christmas 

Drumhead (CD) and Badger Shipper (BS). Along the axes, between brackets, the 

percentage of variation explained is indicated. Score plot of the first two components of 

projection to latent structures-discriminant analysis (PLS-DA) based on the GLS 

profiles in 2008 (A) and 2009 (B); Loading plot of the first two components of PLS-DA 

based on the relative concentrations of different GLS compounds in 2008 (C) and 2009 

(D); Score plot of the first two components of PLS-DA based on the amino acid profiles 

in 2008 (E). Note that in (E) only the first principal component is significant according to 

the model. Score plots show the distinction in chemical profiles among the cultivars. 

Loading plots show the contribution of each of the chemical compounds to the 

discrimination between the cultivars. Aliphatic GLS: GNA = gluconapin, IBE = 

glucoiberin, IBV = glucoiberverin, PRO = progoitrin, RAPH = glucoraphanin, SIN = 

sinigrin. Indole GLS: GBC = glucobrassicin, NEO = neo-glucobrassicin, 4MeOH = 4-

methoxyglucobrassicin, 4OH = 4-hydroxyglucobrassicin. 
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