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In October 2012, a new species was detected in the Netherlands identified as the fruit fly, 

Drosophila suzukii (NPPO, 2012). It had spread beyond its native range in South-East Asia 

(Hauser, 2011) and was placed on the European and Mediterranean Plant Protection 

Organisation (EPPO) A2 list as a pest species recommended for regulation for which 

quarantine is recommended. Yet, at that time, the pest status was officially declared as  

“present, at low prevalence” and no control measures were being considered in the 

Netherlands (NPPO, 2012). Three years later, however, the number of this exotic fruit fly 

had exploded and caused major damage to farmers of a wide range of soft and stone fruits, 

including cherries, blueberries, strawberries and raspberries, with an estimated economic 

loss of 20 million euro (Nijland & Helsen, 2015). At the same time, in 2015, the pest was 

also recorded from 9 other European countries, from Spain and Italy to Austria and Croatia, 

and had established along the western part of North America up to Canada (Calabria, Máca, 

Bächli, Serra, & Pascual, 2012; Adrion et al., 2014; Cini et al., 2014), likely facilitated by 

the international trade of soft fruits (Fraimout et al., 2017). By 2020 it had spread to most 

regions in Europe, Africa, Russia, and North and South America (EPPO, 2020) causing 

major economic losses to fruit growers (Bolda, Goodhue, & Zalom, 2010; Farnsworth et 

al., 2017; Mazzi, Bravin, Meraner, Finger, & Kuske, 2017; Yeh, Drummond, Gómez, & 

Fan, 2020).  

The morphology of the invasive fruit fly seems very similar to its well-studied, ‘famous’, 

and closely related species, D. melanogaster (Ometto et al., 2013). However, unlike other 

Drosophila that lay eggs in overripe decaying rotting material, D. suzukii exhibit a serrated 

ovipositor enabling it to pierce through the hard skin of undamaged fruits (Atallah, 

Teixeira, Salazar, Zaragoza, & Kopp, 2014). This causes direct damage by the fruit fly 

larvae feeding from pulp, and indirectly by allowing entry of other pathogens (Rombaut et 

al., 2017; Ioriatti et al., 2018). This, together with its polyphagous feeding on fruit crops 

and wild host plants (Lee et al., 2011; Poyet et al., 2015; Kenis et al., 2016), makes the fly 

destructive to a wide range of fruits at the moment of ripening (Walsh et al., 2011).  
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The similarity to other Drosophila species and limited knowledge of its taxonomy and 

ecology impaired immediate detection and hampers implementation of effective control 

actions (Hauser, 2011; Cini, Ioriatti, & Anfora, 2012). With zero tolerance of insect 

infestation, farmers often take a pro-active approach by applying broad-spectrum pesticides 

to protect their crops (Van Timmeren & Isaacs, 2013; Diepenbrock, Rosensteel, Hardin, 

Sial, & Burrack, 2016; Farnsworth et al., 2017). This is however not a long-term 

sustainable solution, as these chemicals are harmful to non-target species and their 

repetitive application increases the risk of selecting for insecticide resistance (Desneux, 

Decourtye, & Delpuech, 2007; Van Timmeren, Mota‐Sanchez, Wise, & Isaacs, 2018; Van 

Timmeren, Sial, Lanka, Spaulding, & Isaacs, 2019). This initiated a global research effort 

to increase understanding of the biology of this pest species and use this knowledge for 

development of pest management strategies.  

The story of D. suzukii is just one of many 

The range-expansion of D. suzukii does not stand on its own. Over the last decades an 

increasing number of new species has been reported to have established outside their native 

range (Lambdon et al., 2008; Butchart et al., 2010; McGeoch et al., 2010; Early et al., 

2016) and those able to establish can have large negative impact on biodiversity (Powell, 

Chase, & Knight, 2013) and economies (Pimentel, Zuniga, & Morrison, 2005; McNeely, 

2006). However, international trade and climate change are expected to continue to enhance 

the invasion process and facilitate the prevalence of species range shift in the future (Dukes 

& Mooney, 1999; Levine & D'Antonio, 2003; Meyerson & Mooney, 2007; Bellard et al., 

2013; Early et al., 2016). A unified framework is therefore needed for understanding factors 

that facilitate the establishment and spread of exotic species and for development of general 

approaches to efficiently reduce the occurrence and impact of invasive species for long-

term management (Keller, Geist, Jeschke, & Kühn, 2011; Robertson et al., 2020). 

An important factor by which exotic species can establish and thrive in the invasive area is 

known as the ‘enemy release hypothesis’, which posits that species can spread and 

proliferate due to scarcity of natural enemies in introduced ranges (Keane & Crawley, 

2002; Colautti, Ricciardi, Grigorovich, & MacIsaac, 2004). The lack of such ‘top-down’ 

control might be due to the inability of native species to detect the exotic prey/host, their 

inability to circumvent its defence mechanisms, or their strong preference for exploitation 

of native over invasive species. Consequently, the control of biological invasions by natural 

enemies requires a change in their resource acquisition, either by a niche expansion or shift. 

Interestingly, exotic species can represent an under-exploited new niche and can give 

individuals a fitness advantage when they are able to exploit it (Carlsson, Sarnelle, & 

Strayer, 2009). As such, exotic species can exert a new selection pressure on native 

enemies, such as predators, parasites and parasitoids. When at least some individuals are 

able to successfully attack the invader, native species might adapt and provide biotic 

resistance and augment long-term control of the invader. Yet, although evolutionary 

responses have been documented, little is known about the frequency and underlying 

genetic mechanisms of such evolution (Strauss, Lau, & Carroll, 2006). 
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Can the impact of invasive species be reduced by evolution? 

Rapid evolution entails the increase in frequency of alleles over generations (micro-

evolution). This requires heritable genetic variation in traits enabling exploitation of the 

invader and requires that these genotypes differ in fitness, i.e., individuals should obtain a 

fitness benefit when they can consume/parasitize the novel species. Hence, if these 

requirements are met, evolution of exploitation might occur. There is however one 

problem; the speed at which this can take place. 

The case of Drosophila suzukii illustrates that the establishment, spread and growth rate of 

exotic species beyond their native range can occur over relative short time. The evolution of 

exploitation of the invader in native species might therefore (assuming presence of heritable 

variation in exploitation) not keep up with speed of invasion to provide biotic resistance. 

Hence, the difference in time scale of evolutionary and ecological processes can cause a 

problem when the speed of adaptation to the invader of native species does not meet the 

timely demand for adequate prevention and control. Several (interacting) genetic and 

ecological factors can impede rapid evolutionary response. For example, selection pressure 

can change through time due to e.g., seasonal variation in abundances of the invasive 

species and alternative resources, which can change the direction of selection, and thus the 

speed of evolution. Also, rapid evolution likely selects mainly on pre-existing genetic 

variation. However, species might lack this variation, or adaptive genotypes may occur at a 

low frequency in a population making them vulnerable to be lost by genetic drift. In 

addition, gene expression might substantially be influenced by environmental conditions 

(i.e., have a relative low heritability) and therefore not be subject to selection. Another 

problem might occur when the invader evolves counter adaptations to escape from native 

natural enemies (co-evolution). Hence, although native species might adapt and augment 

control of invasive species in the future, i.e. if genetic and ecological conditions allow 

evolutionary change, this might not always meet the urgent need for management strategies 

in time.  

Instead of waiting for native species to evolve virulence, natural enemies already adapted to 

the pest in its area of origin might be imported for biological control. Although such 

planned species introductions in ‘classical’ biocontrol programs can reduce (economic) 

damage of the pest (Naranjo, Ellsworth, & Frisvold, 2015), it has been shown to pose 

severe environmental risks and thus requires careful evaluation before implantation 

(Howarth, 1991; Louda, Pemberton, Johnson, & Follett, 2003; Heimpel & Cock, 2018). 

This, together with new regulations of the import of species (Cock et al., 2010; van 

Lenteren et al., 2011) impede the development of classical biocontrol programs and raises 

the question whether there are alternative biological control methods.  

Can humans give evolution a helping hand? 

The high demand for sustainable pest management solutions and reduced availability of 

potential control agents has led to the revival of and old concept within biocontrol: speed up 

and direct the evolution of native species (Lommen, de Jong, & Pannebakker, 2017). This 

involves selecting and breeding native natural enemies with desirable characteristics for 
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controlling the invasive pest and releasing them in the field. Despite the large body of 

theoretical research and its successful application in plant and animal breeding for 

agriculture, artificial selection has not widely been applied to select natural enemies for 

biological pest control. Yet, the use of already existing natural genetic variation might be a 

promising environmentally friendly approach to improve biological pest control. The 

application of this method, however, also challenges the integration of fundamental and 

applied research to answer questions about evolutionary processes and biological pest 

control: what determines phenotypic variation and the outcome of biotic interactions for 

both agents involved, how can we direct and predict evolution, what factors might hamper 

adaptation of native species towards novel invasive species in the field and what conditions 

would facilitate such adaptation?  

Thesis outline  

How will organisms respond to something they do not know and what are the 

consequences? 

The objective of this PhD research was to investigate how native natural enemies respond 

to invasive species via evolution. Deeper knowledge of the ecology and evolution of bio-

interactions is important for the advancement of basic scientific understanding and of 

improving biological control to reduce the impact of exotic species invasions. I examined 

this by focussing on native natural enemies, parasitoids with the potential to parasitize the 

invasive pest Drosophila suzukii. First, we investigate through literature research the 

amount of natural variation within and between parasitoid species in exploiting the non-

native D. suzukii as host (Chapter 2) and by testing different parasitoid populations in the 

laboratory of one of the most promising species, Leptopilina heterotoma (Chapter 3). Next, 

I aimed to understand what determines the observed phenotypic variation in parasitization 

in L. heterotoma. Therefore, I investigated the role of genetics (Chapter 3), endosymbionts 

and developmental conditions (Chapter 4) in shaping the individuals’ phenotype: host 

killing and reproductive success. Given the presence of genetic variation, I then tested the 

potential of L. heterotoma to adapt to the novel host under laboratory conditions by 

artificial selection (Chapter 5) and in a two host - one parasitoid system through an 

individual-based model study (Chapter 6).  

In Chapter 2 we outline the importance of finding new ways to improve natural enemies 

for controlling invasive pests. We therefore propose a four-step approach for development 

of biocontrol methods by exploitation of intra-specific variation in native enemies: 

investigate the amount of (1) inter- and (2) intra- specific variation, (3) understand which 

genetic and environmental factors shape this variation and (4) exploit variation by selective 

breeding. This approach is then illustrated with the parasitoids – D. suzukii interaction. This 

shows that L. heterotoma is one of the few European parasitoid species parasitizing the 

pest.  

Following the described four-step approach in Chapter 2, in Chapter 3 I then test and 

compare seven European L. heterotoma lines to determine the amount of intra-specific 

variation to parasitize D. suzukii. I report significant variation between lines in 
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parasitization performances, indicating presence of genetic variation. I then crossed these 

populations to make a genetically variable population and quantified the amount of additive 

genetic variation and heritability of different parasitization performances. I found 

significant genetic effects in attack rate, killing rate and killing efficiency, but not in 

reproductive success.  

In Chapter 4 I aimed to further investigate non-genetic factors shaping parasitization 

ability of D. suzukii in L. heterotoma, namely the role of the endosymbiont Wolbachia, and 

developmental conditions to improve the wasps’ killing performance. I found that the 

developmental host plays a major role in the wasps’ fitness: wasps cultured on relatively 

low-quality hosts produced fewer offspring, these offspring were smaller and exhibited a 

lower killing rate. Three successive generations of heat-shock treatments did, however, not 

influence Wolbachia presence in the wasps nor host-killing ability of their offspring, 

indicating that the Wolbachia- L. heterotoma interaction is heat tolerant.  

Based on reported genetic variation in non-reproductive host killing in Chapter 3, I 

conducted an artificial selection experiment for increased host killing in Chapter 5. I 

selected parasitoids for seven generations, and found that despite previously significant 

genetic effects (Chapter 3), there was a small and inconsistent response to selection in the 

three selection lines relative to the control lines. There was, however, a strong and 

consistent response to selection in a correlated trait, the attack rate, after 7 generations. 

Moreover, we found that survival of the D. suzukii stock population in absence of 

parasitoids significantly increased  over the course of this one-year selection experiment. 

Hence, I conclude that non-reproductive host killing might have evolved through selective 

breeding but detection was hampered due to increased fitness of the host. 

In Chapter 6 I further explore the evolution of the parasitoid, but instead of human 

imposed selection in the laboratory, I use an agent-based simulation model to investigate 

whether and how resident parasitoids might evolve in response to selection imposed by the 

invasive pest in a two host - one parasitoid system. If parasitoid populations exhibit genetic 

variation in host performance and preference, what conditions would favour adaptation 

and/or avoidance to the (initially) unsuitable host? To answer this question, I simulate the 

evolution of the parasitoid for host species preference and parasitization strategy in a model 

that is inspired by the D. suzukii – L. heterotoma interaction. 

In the final Chapter 7 I synthesize the results of my three data chapters, the literature 

review and the modelling study, and discuss future research directions. 
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Abstract 

The development of biological control methods for exotic invasive pest species has become 

more challenging during the last decade. Compared to indigenous natural enemies, species 

from the pest area of origin are often more efficient due to their long co-evolutionary 

history with the pest. The import of these well-adapted exotic species however has become 

restricted under the Nagoya protocol on Access and Benefit Sharing, reducing the number 

of available biocontrol candidates. Finding new agents and ways to improve important traits 

for control agents (“biocontrol traits”) is therefore of crucial importance. Here we 

demonstrate the potential of a surprisingly underrated method for improvement of 

biocontrol: the exploitation of intraspecific variation in biocontrol traits, for example by 

selective breeding. We propose a four-step approach to investigate the potential of this 

method:  investigation of the amount of (1) inter- and (2) intra-specific variation for 

biocontrol traits, (3) determination of the environmental and genetic factors shaping this 

variation, and (4) exploitation of this variation in breeding programs. We illustrate this 

approach with a case study on parasitoids of Drosophila suzukii, a highly invasive pest 

species in Europe and North America. We review all known parasitoids of D. suzukii and 

find large variation among and within species in their ability to kill this fly. We then 

consider which genetic and environmental factors shape the interaction between D. suzukii 

and its parasitoids to explain this variation. Insight in the causes of variation informs us on 

how and to what extent candidate agents can be improved. Moreover, it aids in predicting 

the effectiveness of the agent upon release and provides insight in the selective forces that 

are limiting the adaptation of indigenous species to the new pest. We use this knowledge to 

give future research directions for the development of selective breeding methods for 

biocontrol agents. 

Key words: exotic species, artificial selection, host-parasite interactions, co-evolution, pest 

management, biological control agent, phenomics, Spotted Wing Drosophila
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Introduction 

Invasive pest species are a worldwide problem and can cause high economic losses when 

they feed on economically important crops (Aukema et al., 2010; Oliveira, Auad, Mendes, 

& Frizzas, 2013; Pimentel, Zuniga, & Morrison, 2005; Pimentel et al., 2001). An example 

of such invasive pest is the Spotted Wing Drosophila, Drosophila suzukii*. This Asiatic 

fruit fly has invaded Europe and North America since 2008 (Hauser, 2011; Calabria, Máca, 

Bächli, Serra, & Pascual, 2012; Cini, Ioriatti, & Anfora, 2012), and causes large economic 

damage to a wide range of soft and stone fruits (Bolda, Goodhue, & Zalom, 2010; 

Goodhue, Bolda, Farnsworth, Williams, & Zalom, 2011; Walsh et al., 2011; De Ros, 

Anfora, Grassi, & Ioriatti, 2013). To suppress exotic pest populations such as D. suzukii, 

there is a growing interest to develop environmentally friendly managing methods to reduce 

the application of harmful pesticides. A traditional non-chemical method is biological 

control: the release of a pest’s natural enemy to suppress its population. This method has 

been proposed as the best pest management strategy for maximizing environmental safety 

and economic profitability (Cock et al., 2010; van Lenteren, 2012b) and is often used in 

combination with other strategies (e.g., mass trapping, sanitation, crop rotation) as part of 

an integrated pest management (IPM) approach (Cock et al., 2010).  

To develop a biocontrol managing strategy, a control agent should be chosen that is highly 

efficient at suppressing the pest population growth. Exotic pest species, however, have 

(initially) no or only a limited number of natural enemies in the invasive area, as these 

indigenous natural enemies present in the invasive range are not (yet) adapted to the pest. 

This also applies to D. suzukii as it has only few species of natural enemies in the invasive 

area compared to its area of origin (Chabert, Allemand, Poyet, Eslin, & Gibert, 2012; 

Asplen et al., 2015; Miller et al., 2015; Nomano, Mitsui, & Kimura, 2015). Therefore, it is 

common practise to import and release natural enemies from the native range of the pest, as 

they are more efficient due to their long co-evolutionary history with the pest. Biodiversity 

risks (De Clercq, Mason, & Babendreier, 2011; Hajek et al., 2016) and new international 

regulations, in particular the Nagoya protocol on Access and Benefit Sharing (Cock et al., 

2010; van Lenteren, 2012b; Hajek et al., 2016), however, currently limit the use of exotic 

natural enemies and challenge the development of biocontrol for alien pest species. 

Although these regulations are vital for the protection of native species, they also restrict 

the number of species available for biological control (van Lenteren, 2012b; van Lenteren, 

Bolckmans, Köhl, Ravensberg, & Urbaneja, 2017). These factors often lead to the use of 

less fit indigenous rather than well-adapted exotic natural enemies for new biological pest 

management strategies. Hence, there is a strong need to develop methods to improve 

indigenous natural enemies to increase their efficiency and safety for managing exotic pest 

species. 

Traditionally, agents are chosen based on interspecific variation (variation between 

species); using those species that seem best at controlling the pest in the target area (van 

Lenteren, 2012a; Lommen et al., 2017). However, this has resulted in a highly variable 

success rate (Collier & van Steenwyk, 2004), and may not meet the number of control 
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agents needed in the future (Lommen et al., 2017). A promising approach is to exploit 

natural genetic intraspecific variation (variation within species) to improve control agents, 

by selecting and breeding only those individuals of a candidate species with the desired 

characteristics (Lommen et al., 2017). Intraspecific variation can be used in two ways; i) 

choosing the most competent strain (“strain selection”) for biocontrol and ii) selecting only 

those individuals from population(s) with desired traits to form the parents of the next 

generation (“selective breeding” or “artificial selection”). Surprisingly, although this has 

been proposed in the literature repeatedly (Hoy,1986; Hopper, Roush, & Powell, 1993) and 

has been widely applied in traditional agriculture (e.g., plant and animal breeding), only a 

limited number of researchers have taken this approach to biocontrol agents (Hoy, 1986; 

Lommen et al., 2017). Novel genetic techniques are also being developed, such as RNA 

interference, CRISPR/Cas genome editing and Release of Insects with Dominant Lethals 

(RIDL) (Leftwich, Bolton, & Chapman, 2016). Although these techniques show great 

potential, they currently cannot be widely applied due to GMO regulations and the 

perceived high ecological risks (Kolseth et al., 2015; Vàzquez-Salat, Salter, Smets, & 

Houdebine, 2012; Webber, Raghu, & Edwards, 2015). Selective breeding, on the other 

hand, is an environmentally safe and socially accepted method. 

Optimization of traits important for biocontrol via selective breeding requires presence of 

heritable genetic variation. Variation and expression of traits can however also be due to 

environmental variation and/or variation in how genotypes respond to environmental 

change (genotype x environment interaction) (Fig. 1). This phenotypic plasticity may 

impede trait optimization across different environments, while the extent of phenotypic 

plasticity can be heritable. Moreover, the success of a control agent is also influenced by 

the phenotype of the pest (Fig. 1) (e.g., larval feeding depth and thus accessibility to 
parasitization (Meijer et al. 2016)). The interaction of the control agent with the pest can 

have variable outcomes, death of the pest and/or the agent, which depends on the genetic 

and environmental factors they both encounter. In other words, the success of the agent 

depends on the genotype-by-genotype-by-environmental interaction (Ghost X Gparasitoid X E) 

(Agrawal, 2001; Thomas & Blanford, 2003). It is therefore important to understand the 

genetic as well as the environmental factors that influence the phenotype of the agent for its 

success to suppress a specific pest population in the area of release. Optimization not only 

includes the use of heritable variation (selective breeding) but can also act on non-heritable 

variation. For example, altering specific environmental conditions by additional 

management strategies can weaken the pest population, which makes it more susceptible to 

the control agent and this increases the killing efficiency of the agent. Moreover, the killing 

efficiency of the agent can also be influenced by experience of the agent with the pest; in 

particular, parasitoids show a learning ability that may increase their killing efficiency. 

Learning ability therefore can also be used to optimize biocontrol agents (Giunti et al., 

2015). Hence, optimization can also rely on non-heritable sources of variation (e.g., 

learning of certain stimuli). 

In this review, we address the question: how can evolutionary principles be used to improve 

native natural enemies for their use as biocontrol agent, by exploitation of their intraspecific 

trait variation? We mainly focus on selective breeding, but also indicate additional 
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approaches including exploitation of learning ability during breeding and manipulation of 

environmental conditions in the area of release to enhance the impact of the biocontrol 

agent. To fully appreciate the potential of selective breeding, we first propose a four-step 

approach in which we underline the importance of an in depth understanding of those traits 

that determine the performance of a potential agent, both its ability to suppress the pest 

population in the target area and its amenability to mass rearing. This includes the 

investigation of the genetic variation and heritability of the trait of interest, and how this 

can be exploited, as described by Lommen et al. (2017). In addition, we show that besides 

genetic factors, knowledge of biotic and abiotic factors that affect the interaction between 

the biocontrol agent and the pest is crucial for optimization. We illustrate this approach 

with a case study on the new invasive pest D. suzukii and its important natural enemies, 

parasitoids. Development of environmentally friendly management methods is urgently 

needed for this major pest in Europe and North America because, at the moment, the main 

control method is large-scale pesticide use (Asplen et al., 2015; Bruck et al., 2011; Cini et 

al., 2012; Haye et al., 2016; Timmeren & Isaacs, 2013). Based on the four-step approach 

and a review of knowledge about D. suzukii – parasitoid interactions, we show how the 

performance of indigenous parasitoids in the invaded area can be optimized for biocontrol. 

We will not review the different methods of selective breeding as this has been recently 

covered by Lommen et al. (2017). We also suggest future research directions for 

improvement of biocontrol agents. 

 

 

Figure 1 | Sources of variation that determine the outcome of the agent – pest interaction: death of the pest, the 

agent, the pest and the agent, or the survival of both. The factors leading to this variation include heritable and 

non-heritable sources. P= phenotypic variation of the agent and pest; G= genetic variation of the agent and pest; 

E= environmental source of variation affecting the agent and the pest. Some aspects of this environment are 

perceived by both (e.g., temperature and pesticides), while other aspects may concern only the pest or agent (e.g., 

abundance of alternative host species). Arrows indicate interaction between sources: environmental and genetic 

sources affecting the phenotype directly or indirectly when environmental conditions affect the genotypic 

expression (phenotypic plasticity). 
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Improvement of natural enemies by exploiting natural variation: a 

four-step approach 

To improve the performance of potential indigenous control agents against an invasive pest, 

first the most promising natural enemies have to be chosen for optimization. They should 

be selected based on traits enabling high biocontrol performance, i.e. efficient (large-scale) 

production and significant pest population reduction in the target area. These “biocontrol 

traits” include high killing efficiency, robustness under (a)biotic conditions in the area of 

release, environmental safety, and ability to be cost-effectively (mass) reared in the 

laboratory (Table 1). It should be recognized that many of the biocontrol traits actually 

comprise multiple aspects of the behaviour and physiology of the agent. For example, high 

killing efficiency of a parasitoid may rely on the adequate localization of host habitats, host 

finding, host recognition and acceptance, sufficient fecundity and high parasitization 

success rate (Fleury et al. 2009) (Table 1).  

Following the traditional method of biocontrol development, the first step is to investigate 

the interspecific variation of natural enemies for relevant biocontrol traits, to choose 

the most promising agent that best expresses all the required biocontrol characteristics (Fig. 

2, Table 1). The use of native natural enemies is preferred, and exotic species should only 

be used as second option to decrease biodiversity risks and circumvent the long process of 

obtaining importation and release permits. In the case of drosophilids, parasitoids are an 

important natural enemy that can cause high mortality in natural populations (Driessen, 

Hemerik, & van Alphen, 1989; Fleury et al., 2004; Janssen, Driessen, de Haan, & Roodbol, 

1987; Keebaugh & Schlenke, 2014). In addition, parasitoids are often effectively used as 

biocontrol agent due to their relative short generation time, ease to breed in the laboratory, 

and high host specificity and efficiency in killing the pest (MacQuarrie, Lyons, Seehausen, 

& Smith, 2016; Stiling & Cornelissen, 2005). Optimal biocontrol trait values for parasitoids 

of D. suzukii rely, for example, on host localization in ripening fruits, rather than the rotting 

fruits of the indigenous fruit-breeding Drosophila, and high virulence to suppress the hosts' 

immune system (Table 1).  

When the selected species shows suboptimal performance for relevant biocontrol traits, 

they should be subject to optimization. So far, indigenous parasitoids that occur in the 

invaded area of D. suzukii, and that have been studied, have low killing efficiency against 

D. suzukii (Chabert et al., 2012; Kacsoh & Schlenke, 2012), which hinders their use as 

biocontrol agent. However, individuals of some parasitoid species are able to parasitize D. 

suzukii and cause fly death and/or can complete their development upon parasitizing the fly, 

indicating that there is potential/latent compatibility between these parasitoid species and 

the (new) host. Their killing efficiency should therefore be a main target for optimization.  

To determine the potential for optimization of traits, knowledge of the extent and 

mechanistic basis of natural variation in the traits is required.  Thus, the second step is to 

investigate the intraspecific variation. Phenotypic differences among strains of the same 

natural enemy species are a first indication that genetic trait variation may exist, which may 

be exploited for developing of a (more) effective biocontrol agent assuming that the 
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variation is heritable.  However, phenotypic variation might also be influenced by 

stochasticity (e.g., due to environmental factors and phenotype of the pest) and phenotypic 

plasticity. This would limit the response to artificial selection as phenotypic variation can 

only be subject to selective breeding when it is (partly) heritable. Additionally, the target 

area for biocontrol is an important aspect of the optimization as agents may perform better 

in a particular climate (e.g., Mediterranean versus tropical climate) and/or existing insect 

communities (e.g., Europe versus North America). Thus, we need to characterize the 

amount of phenotypic variation in the biocontrol traits that limit the effectiveness of the 

biocontrol agent (box 1).  

Box 1: Phenomics of biocontrol agents and pests  

Compared to the field of plant and livestock breeding, selective breeding of biological 

control agents is a relatively new field of study. Plant and animal breeding has been 

greatly advanced by new gene technologies: most economically important plants and 

livestock have been sequenced (Edwards & Batley, 2010; Jackson, Iwata, Lee, Schmutz, 

& Shoemaker, 2011; Michael & Jackson, 2013) and this information can be used to 

improve and speed up breeding with techniques such as marker-assisted selection and 

genomic selection.  Linking phenotype and genotype however has become a bottleneck 

to further improve breeding success, as research on precise and efficient quantification 

of phenotypes has not kept pace with genomics (Furbank, 2009; Houle et al., 2010; 

Jackson et al., 2011; White et al., 2012). This holds in particular for complex traits that 

are controlled by multiple genes and subject to environmental influence. In plants, and to 

a limited extent in livestock, this has led to an emerging new field of investigation: 

phenomics, the large scale and systematic study of the phenome (all possible 

phenotypes). In particular plant phenotypes can be measured at large scale with 

advanced non-destructive technologies, so called high-throughput phenotyping (HTP), 

such as fluorescence imaging and near-infrared reflectance spectroscopy to measure 

photosynthetic performance and composition of plant tissue (Araus & Cairns, 2014). 

Accurate and efficient measuring of phenotypes aids the understanding of underlying 

(genetic) mechanisms (reverse phenomics) and the screening of phenotypes to, for 

instance, choose the best strains for breeding (forward phenomics) (Furbank & Tester, 

2011). History of animal and plant breeding underlines the importance to have insight in 

phenotypic variation to improve their performance for agriculture. It also stimulates 

(re)thinking about how biocontrol agents’ phenotypes can be systematically and 

accurately measured across time and space for improvement of biocontrol strategies. 

 

Measuring and understanding phenotypic variation is of great importance for the 

development of biocontrol agents. In line with plant and livestock phenomics, biocontrol 

phenomics would entail the accurate and systematic (wide scale) phenotypic data 

collection of the candidate agent (species, strains or genotypes) and the target pest 

population(s) in relevant field and rearing conditions across time (e.g., through lifetime 

and season of agent and pest) and scale (all possible relevant habitats and thus biotic and 

abiotic conditions). This can aid solving major challenges in the development of control 

agents: (1) finding suitable agents, (2) predicting their success in a particular agricultural 
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In which way and to what extent intraspecific variation can be exploited for optimization 

depends on the genetic basis of, and (stochastic) environmental effects on, the expression of 

the trait of interest. Hence, the third step is to determine environmental and genetic 

factors that shape the biocontrol trait variation.  

Insight in the amount of genetic variation and genetic architecture of traits may aid the 

design of a breeding plan and prediction of the response to selection as well as anticipate 

potential genetic trade-offs/correlated responses (Lommen et al., 2017). However, 

environmental factors can also influence trait value expression (Fig. 1). Moreover, the pest 

and natural enemy may be affected differently by the same environmental factors, which 

may have an impact on their interaction. In addition, selection on biocontrol traits, such as 

“killing efficiency”, might result in correlated responses and trade-offs as this is determined 

by multiple species traits (Table 1). Therefore, identification of biotic and abiotic factors 

environment, (3) determining of conditions for optimal performance, and (4) evaluating 

whether these conditions can be altered, and (5) identifying characteristics of important 

biocontrol trait values. In addition, it is also of importance for selective breeding to (6) 

set conditions for selective breeding, and (7) predict in which way and to what extent 

agents can be improved by artificial selection. The feasibility for large-scale phenotyping 

is still limited, especially for arthropods, due to economical and practical (e.g., mobility) 

limitations and their low detectability in the field (small size). However, their relative 

short generation time and small size, compared to livestock, facilitate phenotyping in 

laboratory settings. To measure phenotypes of arthropod agents and their effect on the 

target pest population, tools such as sensors, imaging and cameras, can be used to 

increase accuracy and scale to determine, for instance, stress response of pests in 

presence of an agent and the presence, distribution and movement of the agents and the 

pests in the field and/or in the laboratory. These tools are already used in other fields of 

study (Nansen, Ribeiro, Dadour, & Roberts, 2015; Nansen, Coelho, Vieira, & Parra, 

2014; Reynolds & Riley, 2002), though most seem to be especially feasible at only small 

scales. It would be interesting to make them applicable in the future at larger scales. 

Moreover, imaging technologies for plant phenomics such as the detection of plant 

health and plant responses to pests in the absence and presence of biocontrol agents 

(Abdel-Rahman et al., 2017; Reynolds & Riley, 2002; Wang, Nakano, Ohashi, 

Takizawa, & He, 2010; Zhou, Zang, Yan, & Luo, 2014) can also be used to measure 

success of biocontrol. The difficulty is that the success of a control agent does not only 

depend on genotype x environment interactions as most target traits in animal and plant 

breeding (except for pest resistance) but on an even more complex two-species x 

environment interaction (Fig. 1). The four-step approach proposed in this review 

displays how phenomics can be applied to biocontrol. The first and second steps 

(investigation of inter- and intra-specific variation) are analogous to forward phenomics, 

i.e., screen and choose natural enemies with desired phenotypes for biocontrol traits. The 

third step (investigation of factors that shape the variation) can be seen as reverse 

phenomics, to discover mechanisms of variation and which helps to set the conditions 

for optimal trait expression. 
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affecting the target trait of the candidate agent is required to predict its field efficiency and 

to set optimal breeding conditions to secure its success in the field. 

Measuring phenotypic variation (of the control agent) in a relevant range of (agricultural 

and rearing) conditions can give insight in the extent of phenotypic plasticity (i.e. the 

different phenotypes a genotype can produce in different environments), and which 

environmental factors influence expression of the trait(s) of interest. The collection of all 

possible phenotypes across time (e.g., developmental stages) and space (e.g., geographic 

regions) is called the “phenome” (Houle et al., 2010; Soule, 1967) (see also box 1). This 

knowledge can be used to identify environmental factors that may constrain the 

performance of an agent. Moreover, it can yield insights into trade-offs that may hamper 

the adaptive response and thus to (1) predict the success of artificial selection and (2) 

design a breeding program (Fig.2, step 3).  

 

 

Figure 2 | Proposed four-step approach to exploit natural variation to optimize natural enemies as biological 

control agent. The approach involves exploitation of heritable as well as non-heritable variation. See text for 

detailed explanation of each step. Arrows on the left, after step 2 and 4, refer to the case when the candidate 

control agent does not meet all requirements. In case the most promising species does not show intraspecific 

variation for the trait to be optimized (step 2), another species has to be chosen (step 1). In case the potential agent 

does not meet all requirements for biocontrol after testing their efficiency (step 4), further optimization is needed 

(step 4) or another species/strain should be chosen as potential biocontrol agent (step 1, 2). 
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In addition, agents will encounter different and a greater number of variable biotic and 

abiotic factors in the field than under laboratory conditions. This may influence their killing 

ability of the pest. For example, temperature differences and the presence of competitors 

can alter the agents’ performance in the field (Andrade, Pratissoli, Dalvi, Desneux & Santos 

Junior (2011); Boivin & Brodeur (2006). Hence, knowledge about environmental effects is 

also required to (3) predict the performance of the agent in the field. Interestingly, insight in 

sources of variation can also be used to (4) identify additional methods to optimize 

performance of the agent, by exploitation of non-heritable variation e.g., by learning ability 

of the agent or alteration of environmental conditions in the greenhouse to increase killing 

efficiency of the pest.  

Finally, the fourth step is to exploit the available variation, and select (for) an agent 

with the most optimal combination of phenotypic traits. This can be either through (1) 

choosing the most competent strain for the target area ("strain selection"), (2) crossing 

populations present in the invaded area and/or with ones that are native of the pest ("cross 

breeding") and/or (3) optimization of a genetically variable strain through artificial 

selection ("selective breeding"). The optimization approach can be applied iteratively, each 

time identifying the limiting factors for the effectiveness of the biocontrol agent, and 

selecting on (trait values of the) different biocontrol traits. At each round, the selected agent 

should be tested for its ability to be mass reared and for its performance success in the 

target area, to assess whether it can be implemented in pest management, whether it needs 

further improvement, or whether another candidate agent has to be selected in case it shows 

no potential (Fig. 2).  

Below we review current knowledge of D. suzukii - parasitoid interactions in more detail 

following our proposed four-step approach and point at ways to optimize parasitoids from 

the invasive area to develop efficient biological control agents. 

Steps 1&2: Exploring inter- and intraspecific variation in killing 

efficiency 

Parasitoids in the invaded area: Europe and North America 

Several surveys performed in Europe (France, Spain, Italy, and Switzerland) and North 

America (Canada, USA and Mexico) explored the ability of native parasitoids to parasitize 

the invasive D. suzukii. A total of 17 parasitoid species have been investigated.  

Interspecific variation:  In only 24% of the investigated species, a population has been 

found with a high parasitization success rate (61-100%, table S1). Two pupal parasitoids, 

Pachycrepoideus vindemmiae and Trichopria drosophilae, were repeatedly reported to 

parasitize and emerge from D. suzukii. Two other pupal parasitoids, Spalangia erythromera 

and Vrestovia fidenas and one larval parasitoid, Leptopilina heterotoma, were recorded 

once (table S1). Other species, in particular those that parasitize the larval stage, such as 

Asobara tabida, Leptopilina clavipes and Leptopilina boulardi, did not survive in or 

emerge from D. suzukii (table S1).   
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Table 1 | List of biocontrol traits that determine the performance of a (potential) biocontrol agent. Performance is defined as the ability of an agent to suppress the pest 

population in the target area and to cost efficiently be (mass) reared and transported. Biocontrol traits that determine performance are composed of trait values across 

multiple species traits. Examples of important species trait values are listed for biocontrol agents in general as well as for parasitoids of D. suzukii specifically. Agents 

should preferably meet all four performance requirements. Note that trait values can differ depending on management goals (e.g., duration of effect in terms of number of 

generations or seasons). 

Biocontrol traits that determine 

performance 

Example of species trait values that determine 

performance 

Example of species trait values of parasitoids of D. suzukii 

that determine performance 

High killing efficiency in area of 

release 

Host localization ability, finding large part of the pest 

population 

Localize D. suzukii in ripening soft fruits on trees/plants and 

(in) fallen (fruits) on the ground, long ovipositor to reach larvae 
inside fruits 

High attack rate (preferably during entire lifetime) Large number of mature eggs available (egg load), high 

oviposition rate  

High killing success rate of individual agents, such that a large 
part of the pest population is killed  

Ability to suppress host immune response, kill D. suzukii 
larvae/pupae  

Prefer pest species over alternative prey/host Preference for D. suzukii over other host (Drosophila) species 

Low dispersal tendency from patch/microhabitat of the pest (if 

pest is patchily distributed) 

Stay in fruit patch until all D. suzukii larvae/pupae have been 

parasitized  

Low dispersal from agricultural habitat (for long term control: 
persist in the area also at low pest density) 

Limited long-distance dispersal (e.g., <50-100 meter), and (for 
ongoing control) use of alternative host species at low D. 

suzukii density 

Density responsiveness Locate larvae/pupae at low D. suzukii density, increase 
oviposition rate with increasing D. suzukii density 

Recognize suitable host/prey Ability to recognize already parasitized hosts (avoidance super-

/multiparasitism), in particular when eggs are limited and for 

long term control when supernumerary eggs result in death of 

the agent  

Able to efficiently kill pest population in target area (requires 

insight in potential intraspecific differences between pest 
populations) 

Able to overcome immune resistance of D. suzukii population 

in target area (requires insight in amount of intraspecific 
variation in immunity of D. suzukii) 

For ongoing control: able to build up and maintain a 

population over multiple generations 

Complete entire life cycle on D. suzukii (survive parasitization 

of D. suzukii larvae or pupae), finding of suitable mates, ability 
of adults to find food 

Robustness under (a)biotic 

conditions in area of release 

 
 

 

High fitness at climatic conditions in area of release (survival, 

high killing efficiency). Depends on e.g., target crop whether 

it is growing outside and vulnerable to precipitation and 
unpredictable weather conditions or more stable climatic 

conditions in greenhouse 

Survival and high killing efficiency at relatively low or high 

temperature (e.g., 15-20°C />25°C) when released early or late 

in growing season and/or at high/low humidity 
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High fitness (survival, high killing efficiency, activity) at 

timing of release (early/mid/late in growing season) and 

during aimed duration of control (1 or more generations 
during one or multiple seasons) 

Low sensitivity to variable climatic conditions throughout the 

year (for long term control) 

 

Low sensitivity to agricultural practices in area of release Tolerant to crop manipulations applied in (close surrounding 

of) target area such as pesticides, fungicides, fertilization, 
irrigation and pruning 

Tolerance to high population density (e.g., intraspecific 

interactions), when released in high numbers 

 

Tolerant to conspecific female parasitoids, ability to recognize 

already parasitized D. suzukii larvae/pupae, low migration rate 

in response to increasing parasitoid density 

Able to kill the pest and reduce pest population density within 

species community present in the target area e.g., by: 

(1) Avoidance or be a strong competitor of predators 

and/or other species present in target area 

(2) Being compatible with other natural enemies of the 

pest in such a way that they together result in 

higher killing efficiency 

1) No/limited effect of presence of predators of 

parasitoids, such as hyperparasitoid P. vindemiae or 

ants. Avoidance of multiparasitism or superior 

competitor during multiparasitism 

2) Preference for other life stages of the pest or 

microclimate than other natural enemies of D. 

suzukii present in target area 

Environmental safety 

No effect on abundance of other organisms in the ecosystem 

of release and notably in non-target areas, either directly (e.g., 
killing non-target herbivores or through intraguild predation) 

or indirectly (e.g., through competition for resources) 

Relatively host specific, no hyperparasitoid to limit adverse 

effects on population density of other (beneficial) parasitoids 
and other Drosophila species present 

Low dispersal ability to limit negative effects in non-target 
areas 

Low dispersal tendency to other habitats (e.g., forests), low fly 
capacity, low passive dispersal (e.g., by air or human transport) 

No vector of (transferable) diseases/parasites which may 

affect wild strains or other species including humans, no effect 

on public health (e.g., toxic or allergic responses) 

No carrier of Wolbachia strains that cause cytoplasmic 

incompatibility (CI) when outcrossing to wild strains   

Low chance of hybridization with closely related species in 

target area 

Inability to mate and produce viable offspring with other 

parasitoid species present in area of release 

Inability to permanently establish outside release area to 

reduce risks in non-target systems 

High mortality rate in winter conditions in non-target areas 

Cost-efficient (mass) rearing, 

stored, transport and release 

Maintenance of large population size for release, without 

inbreeding problems 

High female fecundity, high survival rate, short developmental 

time, female biased sex ratio, high longevity 

Able to rear agent on target pest or closely related species that 

is relative cheap in production, without losing effectiveness 
against the target pest in area of release 

 

Culture parasitoids on D. suzukii and/or other Drosophila 

species without losing effectiveness against D. suzukii pest. In 
case cultured on D. suzukii, able to separate parasitized and 

non-parasitized hosts before transport and release 
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Able to rear agent that is efficient against all varieties of the 

target pest, to account for potential intraspecific differences 

between pest populations 

Able to culture parasitoid that is efficient against different D. 

suzukii populations, e.g., of different resistance levels 

Able to rear agent in conditions that enable efficient 

production (e.g., fast development, high density), without 

losing effectiveness in the field (e.g., by choosing conditions 
similar as target area such as temperature, photoperiod and 

pest-habitat stimuli) 

Ability to learn host-habitat cues (e.g., fruit colour and odour) 

to increase pest killing efficiency, able to rear at relative high 

temperature enabling fast development time without loss of 
effectiveness upon release 

Long term storage (>weeks) with minimal fitness effects on, 

in particular, killing efficiency of the pest 

Long term survival at e.g., low temperature (e.g., 10 °C) as 

adult or immature stage, or by inducing diapause without loss 
of fitness (e.g., survival, fecundity, pest killing efficiency) 

Able to transport and release the agent to/in target area 

without negative effect on fitness 

Survive transportation hazards, such as changes in temperature, 

mechanical impact of boxes being shaken, etc. 
Possibility of using a banker system for parasitoid release, e.g., 

artificial medium containing alternative hosts (non-pest), as 

well as parasitized larvae and pupa of different ages 
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Thus, there is clear interspecific variation between parasitoids in their success to parasitize 

D. suzukii, and most indigenous parasitoid species that have been studied are unable to 

complete their development on D. suzukii hosts. 

Intraspecific variation: Although most parasitoid species could not successfully parasitize 

D. suzukii, intraspecific variation indicates potential future adaptation to the pest. For 

example, French A. tabida strains collected from Igé and Sablons showed little to no 

attempt (0-1.25%) to oviposit in D. suzukii larvae (Chabert et al., 2012), whereas a Swedish 

strain and another French strain collected in Sospel showed an infestation rate of about 50 

and 80% respectively (Kacsoh & Schlenke, 2012). Also, whereas L. boulardi was not able 

to emerge from D. suzukii, Chabert et al. (2012) reported that they do oviposit in D. suzukii 

and induce high host mortality. Between-population differences in parasitization success 

were also found among the three species capable of successfully parasitizing D. suzukii 

(table S1). Leptopilina heterotoma from Oregon, northwest Italy, France, California, 

Sweden and Switzerland were not able to complete their life cycle when parasitizing D. 

suzukii in the laboratory (Chabert et al., 2012; Kacsoh & Schlenke, 2012; Knoll, 

Ellenbroek, Romeis, & Collatz, 2017; Mazzetto et al., 2016; Poyet et al., 2013; Stacconi et 

al., 2015), but an Italian population from Trento could (Stacconi et al., 2015). Furthermore, 

wasps from a French population were not able to overcome the flies’ immune defence to 

produce viable offspring, although, similar to another population from North Italy 

(Lombardy and Piedmont), they did oviposit and caused fly death (Chabert et al., 2012; 

Mazzetto et al., 2016). Interestingly, when D. suzukii larvae were parasitized by four 

individuals, rather than a single wasp, some parasitoids developed and eclosed (Chabert et 

al., 2012). Populations of parasitoid T. drosophilae also differed in their performance on D. 

suzukii. For example, the success rate differed between two populations within France 

(Chabert et al., 2012), and between populations from South Korea and California in which 

the Californian population unexpectedly performed significantly better on D. suzukii than 

the Korean population (Wang, Kacar, Biondi, & Daane, 2016b). These cases provide clear 

evidence for the existence of intraspecific variation in parasitization ability between 

populations of known indigenous D. suzukii parasitoids. 

Parasitoids in the native area: Asia 

 

The parasitoid species that attack D. suzukii populations in the area of origin, Asia, have not 

been thoroughly investigated. The first publications on natural enemies of D. suzukii only 

appeared in 2007 (Mitsui et al. 2007) and research has mainly focused on parasitoid species 

in Japan and to a limited extent on species from China and Korea (table S2). A total of two 

pupal and 14 larval parasitoid species have been identified that are able to parasitize D. 

suzukii (table S2). Most of them belong to Asobara, Ganaspis or Leptopilina, but these 

parasitoids also show differences in parasitization success. 

Interspecific variation: Of the 16 investigated parasitoid species, 88% are able to 

successfully parasitize D. suzukii in the field and/or in the laboratory. Only A. pleuralis and 

L. boulardi were not observed to emerge from D. suzukii at all (Daane et al., 2016; Nomano 

et al., 2015). The large variation in parasitization behaviour can be illustrated with the 
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Asobara genus. There are large differences among species within this genus in their ability 

to accept D. suzukii for oviposition and successful development to adulthood: While A. 

pleuralis did not oviposit in D. suzukii (Nomano et al., 2015), A. tabida, A. rufescens and A. 

rossica did oviposit but all individuals died in the fly host (Nomano et al., 2015). Only A. 

sp. TS1, A. sp. TK1, A. japonica, A. leveri and A. brevicauda would readily accept D. 

suzukii for ovipositon and were able to complete development (Daane et al., 2016; 

Guerrieri, Giorgini, Cascone, Carpenito, & van Achterberg, 2016; Ideo, Watada, Mitsui, & 

Kimura, 2008; Kacsoh & Schlenke, 2012; Mitsui & Kimura, 2010; Nomano et al., 2015). 

Interestingly, while A. tabida, A. rufescens and A. rossica could not complete their 

development while parasitizing D. suzukii in the laboratory, they emerged from flies 

collected in the field, indicating that these parasitoids can survive on this host (Nomano et 

al., 2015).  

Intraspecific variation: Parasitization success varies between and within populations of the 

same species. The Asobara. sp. TS1 population of Tsushima (Japan), for example, is able to 

develop in D. suzukii, although individuals differed in success: 83.3% died in the larval 

stage and only 13.3% of the individuals were able to complete development and eclose 

(Nomano et al., 2015). An interesting example of between-population differences is the 

parasitoid Ganaspis brasiliensis, of which there are different “types” that differ in host use, 

morphology, nucleotide sequence (CO1, ITS1, ITS2, RPL37) and geographical distribution 

(Kasuya et al. 2013; Nomano et al. 2017). One has D. lutescenes as its main host and has 

limited success when parasitizing D. suzukii, the other is specialized on D. suzukii and can 

successfully parasitize D. suzukii but not D. lutescens (Kasuya et al. 2013). In addition, 

differences in parasitization success between populations have been found for A. japonica 

collected in the surroundings of Tokyo: one study recorded 80% eclosion of the parasitoid 

(Kacsoh & Schlenke, 2012), another study an eclosion rate of only 44% (Ideo et al., 2008), 

and Mitsui and Kimura (2010) found an eclosion success of 67%, suggesting there is 

substantial variation between parasitoid populations.  

Step 3: Understanding variation in D. suzukii- parasitoid interaction  

The killing efficiency of parasitoids depends on a complex two-species interaction (Fig. 1). 

Below we review what has been investigated as causal mechanisms for the phenotypic 

variation, and the environmental and genetic factors that can shape the interaction and co-

evolution of D. suzukii and their parasitoids. Moreover, we describe how these factors can 

aid the development of biological control agents.  

Sources of variation in D. suzukii 

Phenotypic variation and its causal mechanisms:  The resistance level of the host is an 

important trait determining the outcome of host-parasitoid interactions. Like several other 

Drosophila species, D. suzukii can protect itself from parasitoids by melanotic 

encapsulation of the wasps’ egg (Chabert et al., 2012; Kacsoh & Schlenke, 2012). Its 

immune response, however, seems to be much stronger than D. melanogaster and most 

other drosophilids. This is attributed to the relatively high haemocyte count of D. suzukii 
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(Kacsoh & Schlenke, 2012; Poyet et al., 2013), which enables it to mount a highly 

successful immune response towards a wide range of parasitoid species (Kacsoh & 

Schlenke, 2012). 

Genetic effects: The genetic basis and genetic variation of parasitoid resistance in D. 

suzukii has not yet been investigated. As genetic variation in resistance is reported for other 

Drosophila species (e.g., Kraaijeveld & Godfray, 1995; Dubuffet et al, 2007; Gerritsma et 

al, 2012), it is also likely to exist for D. suzukii.  The amount of genetic variation in 

invasive species populations however depends on the size of the founder population, and 

the number and sources of additional introductions. When previously isolated populations 

start interbreeding (admixture events), the recombining of allelic variations can lead to 

increased genetic diversity. Throughout the course of the invasion of D. suzukii, its genetic 

diversity changed through bottlenecks and admixture events (Fraimout et al., 2017). A 

comparison of the host genotype across neutral markers (6-28 microsatellites) and six X-

linked loci in coding and non-coding sequences, indicated relatively high intraspecific 

genetic variation within and between populations in the invaded regions (Adrion et al., 

2014; Bahder, Bahder, Hamby, Walsh, & Zalom, 2015; Fraimout et al., 2015; 2017). It is 

therefore reasonable to assume that there is substantial intraspecific genotypic variation in 

the invaded populations that can contribute to the variable D. suzukii - parasitoid outcome. 

Environmental effects: Differences in biotic and abiotic environmental conditions can 

influence host resistance levels. By laying eggs in fruits rich in atropine, an entomotoxic 

alkaloid present in plants of the Solanaceae family, D. suzukii can enhance resistance to 

parasitoids via trans-generational medication (Poyet et al., 2017). Other abiotic factors that 

affect the immune response in drosophilids are temperature (Fellowes, Kraaijeveld, & 

Godfray, 1999; Fleury et al., 2004), and host diet (Anagnostou, LeGrand, & Rohlfs, 2010; 

Ayres & Schneider, 2009; Howick & Lazzaro, 2014; Meshrif, Rohlfs, & Roeder, 2016). In 

addition, an important biotic factor affecting the immune response is microbes. In 

Drosophila, the microbiome can affect immunity by increasing (Teixeira, Ferreira, & 

Ashburner, 2008; Xie, Butler, Sanchez, & Mateos, 2014) or decreasing resistance (Fytrou, 

Schofield, Kraaijeveld, & Hubbard, 2006), depending on microbial composition and/or host 

genetic background (Chaplinska, Gerritsma, Dini-Andreote, Salles, & Wertheim, 2016). By 

experimental selection, it is possible to increase the ability of parasitoids to overcome the 

symbiont-mediated resistance of the host (Rouchet & Vorburger, 2014). Interestingly, D. 

suzukii populations in the invaded area harbour the endosyboint Wolbachia pipientis 

(“wSuz” strain) (Cattel et al., 2016; Hamm et al., 2014; Mazzetto, Gonella, & Alma, 2015; 

Siozios et al., 2013; Tochen et al., 2014), a bacterium present in a wide range of arthropods 

that can manipulate the host’ biology in different ways (see e.g., Werren, Baldo, & Clark, 

2008). In case of D. suzukii, it can mediate resistance towards RNA viruses (Cattel, 

Martinez, Jiggins, Mouton, & Gibert, 2016) and can increase female fecundity (Mazzetto et 

al. 2015). However, note that fitness effects might be depended on the wSuz variant, due to 

intra- wSuz strain variation (Kaur, Siozios, Miller & Rota-Stabelli et al. 2017). It would be 

worthwhile to further investigate the role of Wolbachia and other microbes in the D. suzukii 

- parasitoid interaction. 
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Implications for selection or selective breeding of a biocontrol agent: To assure high 

parasitization success of the control agent, a D. suzukii population has to be chosen for 

selective breeding (and later for mass rearing) similar to those in the target area. It is 

important to prime the agent for an efficient attack because there might be natural 

intraspecific variation in the level of resistance in D. suzukii in the invasive areas. The 

French D. suzukii strain has a haemocyte load that is about twice as high as the Japanese 

strains, and a higher encapsulation and parasitoid-killing ability (Poyet et al., 2013). This 

suggests that the founding populations in Europe had a high immune response towards 

parasitoids and/or underwent a fast evolutionary change in resistance ability. Hence, to 

select and breed a control agent on a D. suzukii population, its mechanism and level of 

resistance should be similar to the population in the target area. Therefore, more research is 

needed to investigate the amount of genetic variation in resistance in the invasive area. 

Moreover, knowledge of environmental conditions that are difficult to control, such as 

presence of atropine producing plants, may be of great importance to predict the success of 

the control agent. 

To increase the success of a control agent, some factors that weaken the pest may be 

manipulated for pest management. The maintenance of the immune system in the absence 

of infection, and the investment in mounting a defence when infected, both have clear 

fitness costs, as resources allocated towards the immune system cannot be invested in other 

life history traits. Drosophila melanogaster for instance had a lower reproductive success 

after an immune challenge (Nystrand & Dowling, 2014) and lines selected for increased 

immunity had a lower larval competitive ability (Kraaijeveld & Godfray, 1997). Resource 

allocation can be influenced by environmental conditions. In stressful conditions, like 

insecticide exposure (Delpuech, Frey, & Carton, 1996), or high population density 

(Wajnberg, Prevost, & Boulétreau, 1985), resistance of D. melanogaster decreases. 

Intraspecific variation in D. suzukii defence can therefore occur due to differences in 

resource allocation. The energy balance of the pest can be exploited during pest 

management by for example stressing D. suzukii by combining control practices (e.g., a 

second biocontrol agent) or exposure to unfavourable climatic conditions, to make them 

more susceptible to parasitoids. Temperature outside the optimum range (±22-26°C) and 

low relative humidity (<71% RH) decrease the intrinsic rate of population increase of D. 

suzukii (Tochen et al., 2014; 2016). It would be interesting to investigate whether these 

factors also increase their susceptibility to parasitoids. 

Sources of variation in parasitoids of D. suzukii 

Phenotypic variation and its causal mechanisms: Natural enemies require virulence 

strategies to overcome host resistance of D. suzukii. Most parasitoids in the invasive area, 

such as larval parasitoids A. tabida, L. boulardi, L. victoriae and G. xanthopoda do oviposit 

in D. suzukii, but their success-rate is rather low as their mortality is nearly 100% (table 

S1). The medium to high (30-100%) ability of the generalist pupal parasitoids P. 

vindemmiae and T.cf. drosophiae to parasitize D. suzukii (table S1), suggests a different 

parasitization strategy. As both species paralyze the host by injection of venom (Wang & 

Messing, 2004b; Wang, Kacar, Biondi, & Daane, 2016a) and pupae have compared to 
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larvae no/limited resistance against parasitoids, these species have developed a highly 

virulent strategy that is non-species specific. The larval parasitoid L. heterotoma is also able 

to some (low) extent to successfully parasitize D. suzukii, or it can induce high fly mortality 

(table S1). Along with the egg, Leptopilina injects virulence particles that modify host 

physiology, facilitating parasitization (Lee et al., 2009). The composition of these particles 

and their effect on the host differ between species and strains (Dupas, Brehelin, Frey & 

Carton, 1996; Lee et al., 2009; Mortimer, 2013; Poirié, Carton & Dubuffet, 2009), which 

therefore might play a role in the observed intraspecific variation in D. suzukii - parasitoid 

outcome.  

Parasitization ability is also influenced by the parasitoid’s ability to find the host. This 

depends on their ability to use host cues (e.g., pheromones, substrate odor and host tracks) 

(Dicke, van Lenteren, Boskamp, & Voorst, 1985; Wertheim, Vet, & Dicke, 2003; Perez-

Maluf, Rafalimanana, Campan, Fleury, & Kaiser, 2008) and their experience with the host 

(habitat) (associative learning) (Papaj & Vet, 1990; Oliai & King, 2000; Kaiser, Perez-

Maluf, Sandoz & Pham-Delegue, 2003; Segura, Viscarret, Paladino, Ovruski & Cladera, 

2007). In the case of D. suzukii, host-finding may be a challenge for the parasitoid, as (1) its 

main patch location (ripening fruits) is distinct from most other Drosophila species 

(Atallah, Teixeira, Salazar, Zaragoza, & Kopp, 2014; Atkinson & Shorrocks, 1977; 

Markow & O'Grady, 2008). Moreover, (2) its eggs are highly scattered (Mitsui, Takahashi, 

& Kimura, 2006; Poyet et al., 2014; 2015), which might make alternative highly infested 

patches of other drosophilids species more attractive and time-efficient to exploit. 

Furthermore, due to its (3) recent invasion and (4) high immune response, parasitoids may 

not be able (yet) to recognize and successfully parasitize D. suzukii. These factors highlight 

the difference between laboratory and field experiments: parasitoids able to successfully 

parasitize D. suzukii in the laboratory might not be able to localize the pest in the field. 

Parasitoids however have been found emerging from D. suzukii baited field traps in Europe 

and North America (table S1) (Stacconi et al., 2013; Gabarra, Riudavets, Rodriguez, 

Pujade-Villar, & Arno, 2015; Miller et al., 2015; Kruitwagen, unpublished results). 

However, due to limitations in experimental setups, no clear conclusions can yet be drawn 

on natural parasitization rates of D. suzukii relative to other drosophilids and on the 

parasitoid’s ability and efficiency to localize and exploit D. suzukii host patches. Field 

experiments either only included D. suzukii baited traps (Gabarra et al., 2015), so 

parasitization could not be compared with other fruit flies, or baits were placed in such a 

way that parasitoids may be attracted to their co-occurring natural D. melanogaster host 

(Miller et al., 2015), and/or the unnaturally high number of immature fruit flies in the baits 

(Miller et al., 2015; Stacconi et al., 2013). Hence, more research is needed to obtain insight 

in D. suzukii - parasitoid interaction in nature and to assess which factors might stimulate 

host-finding ability.  

Genetic effects: Virulence, the ability to infest or harm the host, is determined at least 

partly by the genotype of the parasitoid (Carton & Nappi, 1989; Dubuffet et al., 2007; 

Dupas & Boscaro, 1999; Dupas, Frey, & Carton, 1998; Goecks et al., 2013; Kraaijeveld, 

Hutcheson, Limentani, & Godfray, 2001a). A well-studied example is the parasitoid L. 

boulardi, which shows intraspecific variation in its ability to suppress the host immune 
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response in D. melanogaster and D. yakuba (Dubuffet et al., 2007; Dupas et al., 1998). Its 

virulence is determined by two immune suppressive genes encoded at different unlinked 

loci (Dupas & Carton, 1999). Two strains have been described with different genotypes, 

one that can successfully parasitize D. melanogaster, but not D. yakuba, and is homozygous 

for alleles for virulence against D. melanogaster but not against D. yakuba (Dubuffet et al., 

2007). The other strain is homozygous for alleles for virulence against D. yakuba but not D. 

melanogaster (Dubuffet et al., 2007). Interestingly, contrary to what would be expected 

based on its genotype, this strain can also reproduce on D. melanogaster. This suggests that 

other factors, e.g., Drosophila host genotype, also determine parasitism success (Dubuffet 

et al., 2007).  

Environmental effects: Different environmental conditions influence the performance of 

parasitoids. Two important stress factors are temperature (Delava, Fleury, & Gibert, 2016; 

Ris, Allemand, Fouillet, & Fleury, 2004) and insecticides (Cossentine & Ayyanath, 2017; 

Komeza, Fouillet, Bouletreau, & Delpuech, 2001; Rafalimanana, Kaiser, & Delpuech, 

2002). Parasitism of P. vindemiae for example was significantly negatively affected by 

Spinsosad, a commonly used insecticide against D. suzukii (Cossentine & Ayyanath, 2017). 

Hence, releasing P. vindemiae as biological control agent in insecticide treated fields might 

reduce its efficiency. Two biotic factors that can alter parasitization success are heritable 

viruses that manipulate the parasitoids’ biology (Martinez et al., 2012; Martinez, Lepetit, 

Ravallec, Fleury, & Varaldi, 2016) and competitor species exploiting the same host 

resource. The latter is especially relevant when applying a new biological control agent in 

an area where another parasitoid is already present as it may reduce the original agents’ 

efficiency. In contrast, additive (Herrick, Reitz, Carpenter, & O'Brien, 2008; Shapiro-Ilan, 

Jackson, Reilly, & Hotchkiss, 2004; Snyder & Ives, 2003) or even synergistic interactions 

(Mesquita & Lacey, 2001) of the agent with other species are possible and might enhance 

the efficacy of the control agent.  

Implications for selection or selective breeding of a biocontrol agent: Of the indigenous 

parasitoids, the pupal parasitoids of D. suzukii appear to have the highest biocontrol 

potential, as they seem not to be affected by the high resistance level of the pest. Yet, P. 

vindeamiae and T. drosophilae have a relatively wide host range. This may cause high 

incidence of non-target effects if released as control agent or low biocontrol efficiency 

against D. suzukii if they have higher preference for other host species. For example, the 

pupal parasitoid P. vindeamiae can parasitize more than 60 fly species, and is even able to 

hyperparasitize other (beneficial) parasitoids like A. tabida and L. heterotoma (Carton, 

Bouletreau, van Alphen, & van Lenteren, 1986; Marchiori & Barbaresco, 2007; Wang & 

Messing, 2004a; Zhao, Zeng, Xu, Lu, & Liang, 2013). The pupal parasitoid T. drosophilae 

has a smaller host range, but is still able to develop on numerous Drosophila species 

(Carton et al., 1986; Mazzetto et al., 2016). The use of those species as control agents, 

especially P. vindeamiae, therefore requires extensive assessment of ecological risks, 

intraguild predation, and potential effects on non-target species (non-target effects). Careful 

evaluation is needed to determine whether these risks outweigh the benefits. In case it is 

deemed plausible to improve these species to become suitable biocontrol agents, an obvious 

trait that these species could be optimized for is to become more host-specific. In fact, T. 
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Drosophilae is already on the market as biocontrol agent in Italy, though its host preference 

and efficiency in colder conditions (e.g., <20 degrees) (Rossi-Stacconi et al., 2017) might 

need to be improved to increase its success rate and to be effective in northern countries 

(early in the season).  

The only indigenous larval parasitoid with some parasitization success on D. suzukii is L. 

heterotoma.  The virulence mechanism of L. heterotoma enables it to develop on a range of 

species of Drosophila, Chymomyza and Scaptomyza (Eijs, Ellers, & van Duinen, 1998; 

Fleury, Gibert, Ris, & Allemand, 2009; Janssen, 1989), including D. suzukii. Whether their 

generalistic behaviour is due to their venom load, venom composition, or other factors is 

however not clear. Identifying the mechanism that enables at least some L. heterotoma to 

overcome host resistance of D. suzukii, could be beneficial for the screening of individuals 

for specific traits for selection. Assaying proteins or specific alleles may be an efficient 

approach to select specifically for a trait of relevance for killing ability of the parasitoid. 

In conclusion, the success of a control agent can be largely influenced by both genetic and 

environmental factors. For selective breeding, it is important to be aware of factors 

determining the agents’ performance in the field and during (mass) rearing as they are often 

different from experimental laboratory conditions. Important factors to investigate include 

the host finding ability of the agent in the field, phenotypic expression across abiotic 

conditions (reaction norm) and the nature of their interactions with other species in the 

field. Knowing these effects is important to predict their efficiency in the field, and 

underlines the importance of assessing field experiments in the target area of release. 

Interestingly, additive or synergistic interactions of the control agent with other species can 

be exploited for biological control. However, the nature of their interaction (antagonistic or 

additive/synergistic) depends on e.g., timing (simultaneously or sequential) and rate of 

application (Hussein, Habustova, Puza, & Zemek, 2016; Shapiro-Ilan et al., 2004).  

Step 4: Improve and determine the success of the parasitoid 

The large variation in parasitization success within natural enemies of D. suzukii can be 

exploited in different ways. The most straightforward method is by comparing strains and 

to choose one expressing optimal biocontrol trait values (Lommen et al., 2017). This 

however will not always yield the desired trait combinations and further optimization is 

then required. This can be achieved by selective breeding or experimental evolution of an, 

preferably native, outbred strain or mixture of strains (e.g., to increase genetic variation). 

Populations present in the invaded area might also be crossed with those co-evolved with 

the pest. However, their import and release might be slowed down by national and 

international regulations, including the before-mentioned Nagoya Protocol (Hajek et al. 

2016). Selective breeding and experimental evolution can increase the frequency of specific 

alleles, to express desirable trait values in the population of investigation. This has already 

been done successfully for centuries in livestock and plant breeding. Selective breeding and 

experimental evolution require substantial genetic variation of the trait(s) of interest and a 

large effective population size. Methods of selection are described in, for example, 

Kawecki et al. (2012), Garland and Rose (2009) and Lommen et al. (2017). They include 
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exposing a population to experimental conditions to obtain a strain adapted to the specific 

environment (experimental evolution), and selecting and breeding only those individuals 

harbouring the desired trait(s) (artificial selection).  Agents can be selected either on 

phenotype, breeding value (sum of effects of all alleles of an individual) or on a single 

allele. The choice depends on the measurability of phenotypic value, genomic knowledge, 

money available, and genetic architecture of the trait(s) of interest. When the candidate 

agent is sequenced, genetic markers may assist artificial selection (marker assisted 

selection/genomic selection) to save time and increase accuracy (Xu et al., 2012). 

Alternatively, or additionally, hybridization of different strains can increase genetic 

variation of the agent to be improved and/or may be a way to generate new genetic 

combinations, to alter the performance of the control agent. A few studies have 

demonstrated the potential of selectively breeding biocontrol agents (e.g., Hoy, 1985; Hoy, 

1986; Lommen, 2013), in particular parasitoids (e.g., Kraaijeveld, Hutcheson, Limentani, & 

Godfray, 2001; Rouchet & Vorburger, 2014; Weseloh, 1986). The relative short generation 

time and size makes (selective) breeding of insects more feasible compared to livestock and 

crops. In addition, knowledge about the genetic basis of target trait(s) could make 

optimization more efficient by using molecular tools (e.g., markers) to rapidly select for 

certain trait(s) and predict the response to selection. 

Two important drawbacks that can hinder the success of (selective) breeding are low 

genetic variation and adaptation to laboratory conditions (Hopper et al., 1993; Mackauer, 

1976; Sørensen, Addison, & Terblanche, 2012). The amount of genetic variation depends 

on the starting population and (selective) breeding method. Selective breeding causes a 

decrease in variation as only a subset of the population with the desired characteristics is 

selected to contribute to the next generation. This results in higher chances of inbreeding 

depression and loss of (desirable) alleles and fixation of (deleterious) alleles due to genetic 

drift. In particular when is aimed for on-going, long-term control of an agent (one or several 

years), a decrease in genetic variation might limit their ability to respond to environmental 

changes within and between years. To limit inbreeding effects, the source(s) and size of the 

starting population should be chosen carefully in order to keep a large effective population 

size and thus large genetic variation (Lommen et al., 2017; Mackauer, 1976; Meuwissen & 

Woolliams, 1994). To retain genetic variation, breeding schedules are available that 

maintain large effective population size (e.g., Lommen et al., 2017; van de Zande et al. 

2013). In addition, the selection regime and the intensity of selection influence genetic 

variation and should therefore be chosen carefully to maintain a fit population. 

Interestingly, in haplodiploid systems (including all hymenopterans parasitoids), in which 

males develop from unfertilized eggs and females from fertilized eggs, inbreeding 

depression is less prevalent. Deleterious recessive alleles that are expressed in males are 

rapidly purged by selection, thus reducing deleterious allele frequencies (Henter & Fenster, 

2003).  

Breeding and experimental conditions should preferably simulate natural conditions of the 

target area to enhance the agent’s success rate and to prevent adaptation to laboratory 

conditions. Mass rearing can result in unintentional behavioural changes due to genotypic 

changes (selection) or environmentally induced changes (phenotypic plasticity, such as 
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learning) (Chambers, 1977; Mackauer, 1976). Parasitoids reared on artificial diet can, for 

example, develop preference for an atypical artificial diet over its natural one (Bautista & 

Harris, 1997). In addition, detrimental behavioural alteration of biocontrol agents has been 

shown in dispersal ability, host searching and mating behaviour (Boller, 1972; Chambers, 

1977). A parasitoids’ host searching behaviour is also influenced by learning of host (e.g., 

pheromones) and host-habitat cues (e.g., shapes and substrate odour). Incorporation of 

stimuli during mass rearing may prevent behavioural changes to unnatural situations and 

increase its effectiveness in the field to localize and parasitize the pest (Boller, 1972; Giunti 

et al., 2015). Thus, also non-genetic variation can be exploited in the optimization process 

of strains, taking advantage of insights in the different factors that contribute to the 

phenotypic variation. This can be achieved by (1) mass rearing the agent on the pest and/or 

(2) exposing them to pest-related cues of the habitat to be released in (Giunti et al., 2015). 

Therefore, although maybe practically and economically challenging, control agents of D. 

suzukii should preferably be reared on the pest itself and possibly on economically 

important fruits to increase and maintain their adaptation to the pest and pest habitat. 

Challenges include dietary restrictions, relative low fecundity and relative high sensitivity 

to climatic conditions (Emiljanowicz et al., 2014; Hamby et al., 2016; Iacovane et 

al.,2015,). This results in slower establishment and build-up of laboratory populations and 

more time and care to rear them (Iacovane et al. 2015; personal observations). However, 

with increasing knowledge on the fly’s biology (e.g., Hamby et al. 2016) and culturing 

methods (e.g., Sampson et al. 2016; Young et al.,2018), (mass) rearing is becoming more 

feasible. Once a large population has been established, it can be kept under the right 

laboratory conditions. Notably, the innate ability to find hosts, the ability to learn to localize 

hosts, and memory retention differ between parasitoid species and populations (van den 

Berg, et al., 2011; Geervliet, Vreugdenhil, Dicke, & Vet, 1998; Koppik, Hoffmeister, 

Brunkhorst, Kiess, & Thiel, 2015; Perez-Maluf et al., 2008; Smid et al., 2007). This should 

be taken into account by choosing candidate agents with high searching ability or targeting 

these traits for artificial selection, as for example done by van den Berg et al. (2011).  

Quality control of a selected control agent is required to verify its improved performance 

for mass rearing and/or in the field (Lommen et al., 2017). In particular, the effect of 

phenotypic plasticity and correlated responses on the performance of the agent should be 

investigated. To determine the success of a control agent, (semi-)field experiments should 

be done with preferably the same pest population and under environmental conditions 

similar as in the target area(s) for release (e.g., crop type, climatic conditions, presence of 

alternative prey/hosts). Important factors to investigate are the control agents’ ability to kill 

the pest and reduce crop damage, the duration of the agent’s effect (one or multiple 

generations) and the release method of the agent. In other words, its efficiency should be 

characterized in a variety of relevant conditions in time and space, preferably on large scale 

(phenomics, see box 1), to determine in which conditions the agent can be used. The second 

factor influencing its success are correlated responses, meaning that selection on one trait 

might change the expression of other traits (Kraaijeveld, Limentani, & Godfray, 2001b; 

Ueno, de Jong, & Brakefield, 2004). Trade-offs, a beneficial change in one trait that is 

linked to a detrimental change in another, may be caused by genetic correlations 
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(pleiotropic effects, genetic linkage) or resource allocation (Brakefield, 2003), and may 

decrease the fitness and efficiency of the control agent. Parasitoids selected for high 

counter-defences, for example, showed a slower egg-hatching rate, which might give them 

a fitness disadvantage during super- or multiparasitism (Kraaijeveld et al., 2001a). Potential 

trade-offs and its effect on the agents’ efficiency should therefore be investigated upon 

selection to secure the efficiency of the control agent.  

Conclusion and future research directions 

Finding and optimizing potential agents requires insight in natural variation of traits 

important for biological control and factors that determine this variation. To what extent 

native natural enemies can be optimized by selective breeding depends on the genetic 

architecture of the target trait, the amount of genetic variation, and environmental 

constraints. These factors vary, and should be determined for each individual case. 

Therefore, to systematically develop successful control agents, we propose a four-step 

approach to exploit intraspecific variation efficiently (Fig. 2). We have illustrated this 

optimization strategy with an example of killing efficiency of parasitoids of the new 

invasive pest D. suzukii. We conclude that there is large variation in killing efficiency and 

field performance within and between parasitoid species. As this trait seems, at least in part, 

to be determined by genetic factors and previous research has shown feasibility to increase 

the killing ability of parasitoids through selective breeding (Kraaijeveld, Hutcheson, 

Limentani, & Godfray, 2001), indigenous parasitoids of D. suzukii might be optimized for 

biological control. In particular, the pupal parasitoid T. drosophilae and larval parasitoid L. 

heterotoma might be subject to improvement in Europe and North America. Before setting 

up efficient breeding programmes for these candidate species, additional field explorations 

are needed for exploring amounts of intraspecific variation in order to choose and/or use the 

most competent strain(s). Besides killing efficiency, other traits can be targeted for 

optimization, such as host range (in particular for pupal parasitoids) to increase 

environmental safety, and fecundity to increase mass rearing efficiency. Interestingly, traits 

important for biocontrol (Table 1) could also be of interest for breeding insects for use in 

sterile insect technique (SIT) and for feed and food production.   

More potential agents might be found with increasing residence time of the pest in the 

invaded area. The number of indigenous species able to kill D. suzukii is almost 70% lower 

than in the pest’s native range. However, there are at least some parasitoid species that 

seem to be able to cope to some extent with the invasive pest, such as L. heterotoma and T. 

drosophilae in Europe and North America. The potential of these parasitoids to naturally 

adapt to the high resistance of D. suzukii is more likely when they encounter this host 

frequently. Adaptation to D. suzukii might give certain species a fitness advantage since it 

is an underexploited ecological niche within the local ecosystem. However, it is difficult to 

predict the time frame in which this would occur.  

Optimizing control agents requires thorough understanding of which traits significantly 

enhance their performance. The assessment of biocontrol traits and predicting optimal 

expression values, however, is complicated as laboratory results do not always hold in 
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nature. In addition, no list of optimal trait values exists because these may differ with pest 

species, the crop to protect, climatic conditions of target area, release method (long-term vs. 

short-term control) and target area (greenhouse, small or large orchard) (Lommen et al., 

2017; Wajnberg, 2004). Identification of important biocontrol traits for specific pests and 

target areas or finding a generic approach for their identification could be highly beneficial 

for the efficiency of biocontrol (“personalized biocontrol”). Large-scale phenotypic data 

collection (phenomics, see box 1) could be an effective method to accomplish this. In 

addition, biological control could greatly benefit from genomic research as it can speed up 

and increase the success of selective breeding of natural enemies. Whole genome 

sequencing can aid the identification of genetic markers for marker-assisted selection 

(Dekkers & Hospital, 2002), or to generate high resolution SNP maps to investigate the 

genetic architecture of relevant traits. To date, genetic data on biocontrol agents is often 

limited as genotyping costs are often too high for companies that are mass-producing 

biocontrol agents (Lommen et al., 2017). With decreasing costs, it may become more 

feasible in the future.  
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Table S1 | Overview of parasitoids occurring in the newly invaded area (mostly Europe and North America), investigated for their ability to parasitize D. suzukii in the field 

and/or the laboratory. Field surveys include the placement of traps (D. suzukii infested or uninfested fruit baited traps), and/or the collection of fruits from natural habitats or 

crops. Laboratory essays were performed to test the ability of parasitoids to parasitize D. suzukii by exposure of larvae/pupae to the parasitoid(s) in a no-choice test. 

Parasitization success (rate) is the percentage of parasitoids that eclosed from D. suzukii. Due to variable experimental setup and calculations, parasitization success rate is 

categorized in “no” (no parasitoid emergence), “very low” (<10% success rate), “low” (10-29%), “medium” (30-60%) and “high” (61-100%). When examined, fly 

infestation rate (infestation) or coupled fly and parasitoid death (inadequacy) are presented. Fly infestation rate includes fly death due to parasitoid emergence and/or 

coupled fly and parasitoid death (inadequacy). Note that comparing the parasitization results of these studies, in particular quantitative outcomes, is complicated as different 

calculations and experimental methods were used.  In addition, host genetic backgrounds may differ between studies and influence results. Therefore, the reported 

parasitization rates should be interpreted cautiously for their extrapolation to real-world applications.  

Natural enemy Country/ State Documented parasitoids 
of D. suzukii in the field 

Parasitization success in the 
laboratory and encapsulation 

rate 

Fly infestation rate 
(infestation)  

or  

coupled fly and 
parasitoid death 

(inadequacy) 

Reference 

Pupal parasitoids 

Pachycrepoideus vindemiae Mexico Yes, on infested D. 

suzukii traps 

  Cancino et al., 2015 

France  Serrières population: yes, 
medium success 

High infestation Chabert et al., 2012 

Maison Neuve population: 

medium success (populations 
do not differ sig.) 

Medium infestation 

Spain Yes, on infested D. 

suzukii traps 

Yes, high success High infestation Gabarra et al., 2015 

Switzerland  Yes, high success  Knoll et al., 2017 

Italy Yes, on infested D. 
suzukii traps 

 

Yes, medium success No inadequacy Stacconi et al., 2013 

Yes, on infested D. 
suzukii traps (mean: 0.35 

parasitoid/trap) 

  Miller et al., 2015 

 Yes, medium success Medium infestation Stacconi et al., 2015 

California Yes, on field collected 
fruits (unpublished data) 

Yes, successful Fruits: medium-high 
infestation; soil: low-

medium infestation 

Wang et al., 2016b 
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(fruit vs. soil differ 

sig.) 

Oregon Yes, on infested D. 
suzukii traps 

 

  Stacconi et al., 2013 

Yes, on infested D. 

suzukii traps (mean: 1.93-

6.06 parasitoids/trap) 

  Miller et al., 2015 

 1st, 2nd instar: larvae no success 

3rd instar, pupae: yes, medium-
high success 

1st, 2nd instar: low 

infestation 3rd instar 
high infestation 

Stacconi et al., 2015 

Pachycrepoideus sp. Georgia  Yes, low success Low inadequacy Kacsoh & Schlenke, 
2012 

Trichopria. cf. drosophilae Mexico Yes, on infested D. 

suzukii traps 

  Cancino et al., 2015 

France   Ste Foy population: yes, low 

success 

SF population: high 

infestation 

Chabert et al., 2012 

Sablons population: yes, high 

success (populations differ 
sig.) 

SA population: high 

infestation 
(SF and SA 

populations differ sig.) 

Spain Yes, on infested D. 

suzukii traps and field 
collected fruits 

(parasitization rate fruits 

3.8-10.7%) 

Yes, high success Medium infestation Gabarra et al., 2015 

California Yes, on field collected 
fruits (unpublished data) 

Yes successful Medium-high 
infestation 

Wang et al., 2016b 

Switzerland  Vaud strain: yes, high success  Knoll et al., 2017 

Ticino strain: yes, medium 

success (populations differ 
sig.) 

 

Italy  Yes, high success No inadequacy Mazzetto et al., 2016 

 Yes, high success  Stacconi et al., 2015 

Trichopria sp. California  Yes, high success Low inadequacy Kacsoh & Schlenke, 

2012 
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France  Yes, high success No inadequacy Kacsoh & Schlenke, 

2012 

Spalangia simplex Mexico Yes, on infested D. 

suzukii traps 

  Cancino et al., 2015 

S. erythromera Switzerland  Yes, high success  Knoll et al., 2017 

V. fidenas Switzerland  Yes, low success  Knoll et al., 2017 

Larval parasitoids 

A. tabida France  Igé population: no success 

(oviposit in 1.25% larvae). 

 Chabert et al., 2012 

Sablons population: no success  

 No success.  high 

encapsulation rate 

Low inadequacy Kacsoh & Schlenke, 

2012 

Sweden  No success. medium 

encapsulation rate 

Low inadequacy Kacsoh & Schlenke, 

2012 

Switzerland  No success No inadequacy Knoll et al., 2017  

A. citri Ivory Coast  Yes, very low success. Low 
encapsulation rate 

High inadequacy Kacsoh & Schlenke, 
2012 

Aphaereta sp. Georgia  No success, medium 
encapsulation rate 

Very low inadequacy Kacsoh & Schlenke, 
2012 

Leptopilina clavipes Netherlands  No, high encapsulation rate Medium inadequacy Kacsoh & Schlenke, 

2012 

L. heterotoma France  St Etienne/Chalaronne 

population: no success , high 

encapsulation rate 

Medium infestation Chabert et al., 2012 

Antibes population: very low 
success, high encapsulation 

rate 

High infestation 
(ST and AN 

populations differ 

significantly in 
infestation) 

 French D. suzukii strain: no 

success, high encapsulation 
rate 

Low inadequacy Poyet et al., 2013 
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Japanese D. suzukii strain: no 

success, medium-high 

encapsulation rate   

Medium inadequacy 

Oregon Yes, on infested D. 

suzukii traps (mean: 0 – 

0.06 parasitoid/trap) 

  Miller et al., 2015 

 no success  Stacconi et al., 2015 

Italy Yes, on infested D.suzukii 

traps (mean: 1.01 

parasitoid/trap) 

  Miller et al., 2015 

 No success Medium adequacy Mazzetto et al., 2016 

 Yes, low. medium 

encapsulation rate 

 

Medium-high 

infestation 

Stacconi et al., 2015 

California  No success, high encapsulation 
rate  

Medium inadequacy Kacsoh & Schlenke, 
2012 

 No success  Stacconi et al., 2015 

Sweden  No success, high encapsulation 

rate 

Low inadequacy Kacsoh & Schlenke, 

2012 

Switzerland  Yes, very low success 
 

Low (average) 
inadequacy, 

significant differences 

between strains 

Knoll et al., 2017 

L. victoriae Hawaii  No success, high encapsulation 

rate 

Medium inadequacy Kacsoh & Schlenke, 

2012 

L. boulardi Mexico Yes, on infested D. 
suzukii traps 

  Cancino et al., 2015 

France  Sablons population: no 

success, medium encapsulation 
rate 

Medium infestation Chabert et al., 2012 

Eyguières population: no 

success, medium encapsulation 

rate (populations do not differ 
sig.) 

High infestation 

 No success, high encapsulation 

rate 

Low inadequacy Kacsoh & Schlenke, 

2012 

Italy  No success No inadequacy Mazzetto et al., 2016 
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Congo  No success, high encapsulation 

rate 

Medium inadequacy Kacsoh & Schlenke, 

2012 

Kenya  No success, high encapsulation 
rate 

Medium inadequacy Kacsoh & Schlenke, 
2012 

California  No success, high encapsulation 

rate 

Medium inadequacy Kacsoh & Schlenke, 

2012 

Switzerland  No success Low inadequacy Knoll et al., 2017 

Ganaspis xanthopoda*  Hawaii  Yes, very low success. High 

encapsulation rate 

Low inadequacy Kacsoh & Schlenke, 

2012 

Uganda  No success, high encapsulation 

rate 

Low inadequacy Kacsoh & Schlenke, 

2012 

Ganaspis sp. Florida  Yes, low success. High 

encapsulation rate 

High inadequacy Kacsoh & Schlenke, 

2012 

Hawaii  Yes, medium success. High 
encapsulation rate 

Medium inadequacy Kacsoh & Schlenke, 
2012 

L. guineaensis Cameroon  Yes, low success. High 

encapsulation rate 

Medium inadequacy Kacsoh & Schlenke, 

2012 

South Africa  no success, medium 

encapsulation rate 

Medium inadequacy Kacsoh & Schlenke, 

2012 

* Reported as G. xanthopoda, but would be G. brasiliens as described by Nomano et al. (2017). 
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Table S2 | Overview of parasitoids from Asia investigated for their ability to parasitize D. suzukii in the field and/or in the laboratory. Field surveys include the placement 

of traps (D. suzukii infested or uninfested fruit baited traps), and/or the collection of fruits from wild habitats or crops. Laboratory essays were performed to test the ability 

of parasitoids to parasitize D. suzukii by exposure of larvae/pupae to the parasitoid(s) in a no-choice test. Parasitization success (rate) is the percentage of parasitoids that 

eclosed from D. suzukii. Due to variable experimental setup and calculations, parasitation success rate is categorized in “no” (no parasitoid emergence), “very low” (<10% 

success rate), “low” (10-29%), “medium” (30-60%) and “high” (61-100%). When parasitism rate was not calculated in the study, estimations were made by dividing 

number of emerged parasitoids by total number of presented/collected flies when possible. These estimations are indicated by an asterix (*). Note that comparing the 

parasitization results of these studies, in particular quantitative outcomes, is complicated as different calculations and experimental methods were used. In addition, host 

genetic backgrounds may differ between studies and influence results. Therefore, the rates that have been reported here should be interpreted cautiously for their 

extrapolation to real-world applications.  

Natural enemy Country Documented parasitoids of D. 

suzukii  in the field 

Parasitization success in the 

laboratory, (rate given when 

possible) 

Reference 

Pupal parasitoids 

Trichopria drosophilae Korea Yes, on uninfested traps Yes Daane et al., 2016 

China Yes, on infested D. suzukii traps  Zhu, Li, Wang, Zhang, & Hu, 2017 

Pachycrepoideus vindemiae Korea No, only on other drosophilids yes Daane et al., 2016 

Larval parasitoids 

Asobara species 
(unidentified) 

Japan Yes, on field collected fruits. <1%*  Kasuya et al., 2013 

Asobara japonica Japan Yes, on uninfested traps. 0.2% 

parasitism rate 

 Mitsui, van Achterberg, Nordlander, & 

Kimura, 2007 

 Yes, high Mitsui & Kimura, 2010 

No, only from other drosophilids Yes, medium Ideo et al., 2008 

Yes, on field collected fruits. 0.2% 

parasitism rate* 

 Nomano et al., 2015 

 Yes, high  Kacsoh & Schlenke, 2012 

 Yes, medium (21°C) to high 

(°25C) 

Chabert et al. 2012 

Korea Yes, on infested D. suzukii traps  Guerrieri et al., 2016 

Yes, on uninfested traps and field 
collected fruits 

yes Daane et al., 2016 

A. leveri Korea Yes, on infested D. suzukii traps  Guerrieri et al., 2016 
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Korea Yes, on uninfested traps and field 

collected fruits 

 Daane et al., 2016 

A. brevicauda Korea Yes, on field collected fruits  Daane et al., 2016 

A. tabida Japan Yes, on uninfested traps. 0,1% 

parasitism rate 

 Mitsui et al., 2007 

Yes, on field collected fruits. 0.2% 
parasitism rate 

No, but oviposition observed Nomano et al., 2015 

A. rossica Japan Yes, on field collected fruits. About 
0.05%* parasitism rate 

No, but oviposition observed Nomano et al., 2015 

A. rufescens Japan Yes, on field collected fruits. About 

0.05%* parasitism rate 

No, but oviposition observed Nomano et al., 2015 

A. pleuralis Japan  no Nomano et al., 2015 

Indonesia  No success. high encapsulation 

rate 

Kacsoh & Schlenke, 2012 

Asobara sp. TS1 * Japan Yes, on field collected fruits. 4,8%* 

parasitism rate 

Yes, low Nomano et al., 2015 

G. brasiliensis Japan Yes, on uninfested traps. 3.9% 

parasitism rate (“D. suzukii-type”)**  

 Mitsui et al., 2007 

 

 No. very low infestation rate 
(3.3% parasitized) (“D. lutescens 

type”)** 

Mitsui & Kimura, 2010 

Yes, on field collected fruits. 4-7% 
parasitism rate (“D. suzukii-type”)** 

Yes, low (only from fruits, but not 
from artificial diet) (“D. suzukii-

type”)** 

Kasuya et al., 2013 

Yes, on field collected fruits. (“D. 

suzukii type”) ** 

 Nomano et al., 2015 

Korea Yes, on field collected fruits yes Daane et al., 2016 

Leptopilina 
japonica japonica 

Japan Yes, on field collected fruits. <1%* 
parasitism rate 

 Kasuya et al., 2013 

Korea Yes, on field collected fruits yes Daane et al., 2016 

L. j. formosana Korea Yes, on field collected fruits  Daane et al., 2016 
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* Undescribed species from Japan.  

** Previously assigned as G. xanthopoda, but later identified as G. brasiliens by Nomano et al. (2017). There seem to be different types: one specialized on D. suzukii (“D. 

suzukii- associated type”) and one unable to parasitize D. suzukii and mainly parasitize D. lutescens (“D. lutenscences associated type”) (Kasuya et al., 2013; Nomane et al. 

2017). 

 

L. boulardi Korea No, only from other drosophilids  Daane et al., 2016 

L. victoriae Philippines  No success, medium 50% 
encapsulation rate 

Kacsoh & Schlenke, 2012 
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Abstract 

Insight in the genetic variation and heritability of traits determining parasitization ability is 

important for understanding and predicting the evolution of host-parasitoid interactions. 

This knowledge can be applied to artificially select for enhanced parasitization traits for 

biocontrol. In this study we measured genetic variation of different traits that determine the 

final outcome of parasitization in European L. heterotoma parasitoids attacking the invasive 

pest Drosophila suzukii: (1) attack rate, (2) killing rate (3), lethal attack rate (killing 

efficiency) and (4) successful parasitism (offspring survival). By testing seven European 

lines, we found L. heterotoma to significantly reduce fly survival, with significant variation 

in attack rate and killing rate. However, offspring generally failed to successfully develop 

from the D. suzukii host. We crossed these European lines to create a genetically variable 

source population and performed a half-sib analysis to estimate genetic variance and 

heritability of these traits. Using a Bayesian animal model to partition the additive genetic 

variance, we found that attack rate and killing rate had a heritability of ℎ2 = 0.2 and killing 

efficiency had a ℎ2 = 0.4. These values increased with 0.1-0.2 when accounting for day-to-

day differences in fly survival, indicating that environmental and/or host factors had a large 

effect on parasitization performances. We conclude that parasitoids can influence the 

population growth of invasive species such as D. suzukii in their non-native range. 

Moreover, the existence of genetic variation underlying host-killing allows for exploitation 

of this native parasitoid for biocontrol by artificial selection for increased parasitoid 

performance.  

Key-words: biological control agents, genetic improvement, host-parasitoid interactions, 

invasive species, parasitoid, pest control, selective breeding, virulence, evolution 
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1. Introduction 

Parasitoids are insects that are dependent on other insect hosts for reproduction: they lay 

their eggs in or on other insects who consequently die as a result of host feeding of the 

parasitic larvae (Carton, Bouletreau, Alphen, & van Lenteren, 1986; Godfray, 1994). The 

foraging environment of a parasitoid may however consist of a variety of host species that 

differ in suitability (Fleury et al., 2004; de Rijk, Dicke, & Poelman, 2013; Torné‐Noguera, 

Arnan, Rodrigo, & Bosch, 2020). One important aspect of host suitability is host resistance, 

because this can limit the parasitoids’ host-range when its parasitization strategy does not 

enable it to cope with the host defences (Kraaijeveld, Van Alphen, & Godfray, 1998; 

Henry, Roitberg, & Gillespie, 2008; Desneux, Blahnik, Delebecque, & Heimpel, 2012). 

The parasitization strategy of females thus largely affects both parasitoid offspring and host 

survival.  

The process of parasitization can be divided in different ‘steps’, namely, host finding, host 

inspection and selection, egg laying and offspring development and survival (Fig. 1A) and 

comprises a combination of behavioural, physiological, and morphological factors 

(Godfray, 1994; Roitberg, Boivin, & Vet, 2001; Fleury, Gibert, Ris, & Allemand, 2009). 

Hence, successful ‘completion’ of the steps of parasitization, results in emergence of 

parasitoid offspring and host mortality, i.e., reproductive host mortality. Clearly, the 

choices a parasitoid makes during parasitization, such as responding to host(-habitat) 

related cues and accepting hosts for oviposition, directly influence their reproductive 

success and fitness (Vet, Lewis, & Carde, 1995; Fatouros, Dicke, Mumm, Meiners, & 

Hilker, 2008). Strong selection is therefore expected on efficient host selection behaviour 

that allows for successful parasitoid offspring development. Yet, many studies have shown 

that mothers’ decisions are not always optimal for offspring survival, i.e., the so-called 

‘mother knows best’ hypothesis is often not correct (Thompson, 1988; Henry, Gillespie, & 

Roitberg, 2005; Chesnais, Ameline, Doury, Le Roux, & Couty, 2015). Poor decision 

making may be due to insufficient information about the environment or changes in the 

environment of parents and offspring.  

Another factor that can cause maladaptive host-choice decisions is the invasion of a host 

species exhibiting novel defences to which native parasitoids are vulnerable. Such an exotic 

host may disrupt the reliability of host-finding cues, resulting in attacking unsuitable hosts 

next to suitable hosts (Fox & Lalonde, 1993; Schlaepfer, Runge, & Sherman, 2002). Failure 

of parasitoids to successfully exploit the host can either result in survival of the host when 

the host escapes the attack or in host death, due to for example mechanical damage during 

host inspection or immune defence costs (Fig. 1A) (Abram, Brodeur, Urbaneja, & Tena, 

2019). 

To predict and determine whether adaptation to the invader could occur, insight is needed 

in the genetic variation of traits that influence the final outcome of parasitization (Fox & 

Lalonde, 1993; Schlaepfer et al., 2002; Strauss et al., 2006; Berthon, 2015). These traits 

include attack rate, the parasitoids’ ability and willingness to find and exploit hosts, killing 

rate, the parasitoids’ ability to reduce the survival rate of the attacked hosts and successful 
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parasitism, and the parasitoids’ ability to circumvent host resistance for offspring 

emergence, thus whether host killing results in parasitoid offspring (Fig. 1). Parasitoids 

might be able to find and attempt to exploit (novel) unsuitable hosts, even when this does 

not necessarily result in parasitoid offspring production. When these attacks and 

unsuccessful parasitization attempts kill the host, this is termed non-reproductive host-

killing (Abram, Brodeur, Burte, & Boivin, 2016; Abram et al., 2019). This non-

reproductive parasitism might therefore provide a starting condition for adaptation to the 

novel hosts when individuals appear whose parasitization strategy allows for offspring 

development (Abram et al., 2019). On the other hand, mismatch in host selection and 

offspring development might also result in evolution of host species discrimination to avoid 

oviposition in unsuitable host species (Schlaepfer, Sherman, Blossey, & Runge, 2005; 

Keeler & Chew, 2008). Hence, insight in genetic variation underlying these components of 

parasitization is central to understand host-parasitoid interactions, parasitoids’ reproductive 

success and the evolution of host range.  

The study of genetic variation of parasitization performance in native parasitoids to attack 

invasive species is also important for biological control. Ideally, biocontrol agents are 

highly efficient in killing the invasive pest. Therefore, traits that influence parasitization are 

key for selection of candidate parasitoids for biocontrol application. In case of exotic pest 

species, finding and importing natural enemies from the invaders’ native range that are 

adapted to the pest is hampered by the Nagoya protocol (Cock et al., 2010; van Lenteren et 

al., 2011; Hajek et al., 2016). A potential alternative approach is the improvement of the 

biocontrol efficiency of non-adapted resident parasitoids by exploitation of natural genetic 

variation through selective breeding (Lommen et al., 2017; Kruitwagen, Beukeboom, & 

Wertheim, 2018). To explore the potential of this method, a crucial first step is to 

investigate the amount of intra-specific variation in parasitization performance and 

determine whether this variation has, at least partly, a genetic basis (Wajnberg, 2004b; 

Lommen et al., 2017; Kruitwagen et al., 2018).  

In this study we investigate intraspecific variation in parasitization of the native parasitoid 

L. heterotoma on the non-native host Drosophila suzukii. This host was accidentally 

introduced in Europe and North America in 2008 and has become a major pest of soft fruits 

(Walsh et al., 2011; Cini et al., 2014; De Ros, Conci, Pantezzi, & Savini, 2015; Mazzi et al., 

2017). Despite the relatively high virulence of this common European parasitoid wasp for 

native drosophilids, it has a low reproductive success when attacking D. suzukii (Chabert, 

Allemand, Poyet, Eslin, & Gibert, 2012; Poyet et al., 2013; Mazzetto et al., 2016; Knoll, 

Ellenbroek, Romeis, & Collatz, 2017). This is due to the strong immune response of the 

host to a wide range of parasitoid species (Kacsoh & Schlenke, 2012; Poyet et al., 2013; 

Iacovone, Ris, Poirié, & Gatti, 2018). This system therefore provides an interesting 

opportunity to investigate the genetics of traits that influence the final outcome of 

parasitization of a novel, highly resistant host. Moreover, study of the genetic basis of 

parasitization performance will provide more insight in the evolution of host-range and the 

potential of native parasitoids to be improved by artificial selection for use as biocontrol 

agents against D. suzukii. 
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We first tested and compared seven European L. heterotoma strains for four parasitization 

performance indices: (1) attack rate, (2) killing rate, (3) lethal attack rate (killing efficiency) 

and (4) successful parasitism (offspring survival) (Fig. 1, Table 1). As we found 

considerable variation among populations, indicating the presence of natural genetic 

variation, we next crossed these lines to produce a genetically variable population to further 

assess the genetic basis underlying these traits for genetic improvement for biocontrol. Key 

parameters to estimate the amount of genetic variation of a trait and its potential to respond 

to selection are additive genetic variance and narrow-sense heritability (Falconer & 

Mackay, 1996; Lommen et al., 2017). These are defined as the genetic effects that are 

independent of the genotype in which they occur (thus the main part on which selection 

acts) and the proportion of the total phenotypic variation due to additive genetic effects 

respectively. To estimate additive genetic variance and heritability values, we performed a 

half-sib analysis and used a Bayesian ‘animal model’ approach adapted to haplodiploids, to 

separate additive genetic effects from other sources of variation. We consider our results in 

the context of genetic improvement of this native parasitoid toward the invasive D. suzukii. 

 

Figure 1 | The process of parasitization in parasitoid wasps. (A) Partitioned in different steps and outcomes for the 

host and parasitoid, and (B) translated to three parasitization traits. Note that the attack and killing rate include 

different mechanisms of parasitoid-induced host mortality, namely reproductive host killing – i.e., host mortality 

as consequence of successful parasitoid offspring development, and non-reproductive host killing – i.e., host 

mortality without successful parasitoid offspring development.  
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Table 1 | Description of parasitization performance indices used in this study. Each trait was also quantified by 

adjustment for average fly mortality of non-exposed flies, i.e., standardized (std) trait. 

Attack rate 
Percentage of flies killed plus flies that survived parasitoid 

exposure but with encapsulated wasp egg 

Killing rate Percentage of flies killed out of a batch of 25 hosts 

Lethal attack rate Percentage of flies killed out of the total flies attacked 

Successful parasitism Percentage of killed flies that yielded wasp offspring 

2. Material and methods 

Biological material  

Seven strains of Leptopilina heterotoma were set up from different European locations: two 

from the Netherlands (collected from Vosbergen, NL-Vb, in 2012 and Wageningen, NL-

Wa in 2016), two from Spain (Girona, SP-Gi in 2016 and Santa Christina d’Aro, SP-Sa in 

2015) and three from France (Saint Etienne sur Chalaronne, FR-Sa, St Marcel Les Valence, 

FR-Sm and Bellegarde, FR-Be in 2012). Parasitoids were maintained on a relatively low-

resistant Drosophila melanogaster host strain (WW) at 25°C, under a light-dark regime of 

16:8. These flies were derived from wild flies collected near Leiden, the Netherlands, 

received in 2009, and kept as mass cultures at 20°C in quarter pint bottles containing 30 ml 

“WW” medium (agar (17g/L), yeast (26g/L), sugar (54g/L) and nipagine (16,7 ml/L)). 

Parasitoids were tested and selected on D. suzukii collected from Westland, the Netherlands 

in 2016. Drosophila suzukii were reared in quarter pint bottles containing 30 ml cornmeal 

diet (“DS” medium) (agar (10 g/L), glucose (30 g/L), sucrose (15 g/L), heat-inactivated 

yeast (35 g/L), cornmeal (15 g/L), wheat germ (10 g/L), soya flour (10 g/L), molasses (30 

g/L), propionic acid (5 mL/L), and Tegosept (2 g/L)).  

Standardized parasitization performance test 

A standardized test was used for measuring four parasitoid performance indices: attack rate, 

killing rate, lethal attack rate and reproductive success. Tested females were at least five 

days old before their performance was measured. To make sure larvae did not die due to 

“clumsiness” of inexperienced wasps (Samson-Boshuizen, Bakker, & van Lenteren, 1973), 

individual wasps were first given experience with D. suzukii larvae for several hours. Next, 

each individual female was placed in a vial for four hours with 25 late-first/second instar D. 

suzukii larvae on Drosophila medium. Experiments were done at 25°C, and insects had 

access to a honey droplet on the cotton plug. On each testing day at least 10 vials were 

maintained that were not exposed to parasitoids, to measure D. suzukii survival in the 

absence of a parasitoid. The number of emerging adult D. suzukii flies (f) and parasitoid 

offspring (p) were counted to quantify parasitization performances. To account for temporal 

fluctuations in D. suzukii survival, performances were corrected for average fly survival of 

non-exposed flies (control fly survival, n) on the same testing day. The attack rate was the 

percentage of flies that were parasitized, as estimated from the excess mortality in larvae 

due to wasp exposure and the number of flies that were attacked but survived (i.e., flies that 

successfully mounted an immune response (encapsulation)). Encapsulation of wasp eggs by 
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the host was quantified by squashing the flies between two object glasses and inspection 

under the microscope for presence of a melanized egg. Emerged flies were inspected under 

the microscope for presence of at least one encapsulated parasitoid egg to quantify the 

number of hosts that had been parasitized but successfully mounted an immune response 

(encapsulation) (e) and those without capsules (w). The percentage of flies that each wasp 

attacked, corrected for the mortality in non-exposed larvae, was then calculated as: 

𝑎𝑡𝑡𝑎𝑐𝑘 𝑟𝑎𝑡𝑒 =
𝑛 − 𝑓 − 𝑒

𝑛
=  

 𝑛 −  𝑤

  𝑛
∙ 100 % 

Each wasps’ killing rate was calculated as the percentage of flies killed in excess to the 

mortality in non-exposed flies:  

𝑘𝑖𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
 𝑛 −  𝑓 

  𝑛
∙ 100 % 

When the killing rate was negative for an individual (i.e., f > n), it was set to zero (i.e., f 

was set to n). The efficiency at which flies were killed was calculated as the proportion of 

flies killed from the total number of “attacked” flies:  

𝑙𝑒𝑡ℎ𝑎𝑙 𝑎𝑡𝑡𝑎𝑐𝑘 𝑟𝑎𝑡𝑒 =
𝑘𝑖𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒

𝑎𝑡𝑡𝑎𝑐𝑘 𝑟𝑎𝑡𝑒
=

𝑛 − 𝑓 𝑛⁄

𝑛 − 𝑤 𝑛⁄
=

𝑛 − 𝑓 

 𝑛 − 𝑤
 

The proportion of killed flies that yielded wasp offspring was measured as indication of 

each individuals’ successful parasitism: 

𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙 𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑠𝑚 =
𝑝

 𝑛 − 𝑓
∙ 100 % 

 

Establishment of a genetically diverse line 

European populations of L. heterotoma were first tested and compared for their ability to 

parasitize D. suzukii following the standardized individual performance test. Next, a 

genetically diverse laboratory strain was created to estimate heritability of parasitization 

performances following a reciprocal crossing scheme using the seven European 

populations. This method ensured equal genetic contribution of all wasp strains and could 

potentially lead to new allelic combinations. Moreover, it enabled monitoring of potential 

masked effects of mating preferences, incompatibilities (e.g., due to Wolbachia presence) 

and deleterious effects of homozygotes. Unmated males and females from two different 

lines were put together (without hosts) for 3-5 days to assure mating. Next, females were 

placed on second instar D. melanogaster larvae to reproduce. No signs of unviability or 

high male/female biased sex ratio (>70%) were detected in the F2 except for crosses 

between FR-Sa and FR-Be which were highly male biased. These were therefore repeated 

to ensure their genetic contribution to the mix population. 
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Heritability – half sib design 

Half-sib families were created by mating one male (sire) with three virgin females (dams), 

and three offspring of each female were tested for parasitization performances. First, 

parents (P) were randomly collected from the genetically diverse line by separation of 

pupae in individual vials prior to emergence of the adult wasps. Next, 1-3-day old unmated 

males were allowed to mate with three unrelated 1-3-day old virgin females by placement 

in vials with agar (simultaneously). They were provided with honey as food and kept at 

25°C for 3 days. To generate a new generation (F1) each female was provided with 20-30 

D. melanogaster larvae on our standard WW rearing medium to parasitize for 24 hours. 

This setup ensures relatively high-quality hosts, as prior tests showed high host survival 

rate (>90%) in the absence of wasps (Kruitwagen et al. unpublished data). Three daughters 

per female were tested for parasitization performances on D. suzukii. To reduce common 

environmental effects when comparing siblings (i.e., similarities within families due to 

shared environmental experience rather than genetic differences), F1 females were placed 

on three different host batches each for 24h. Female F2 offspring were allowed to mate 

with their brothers, by keeping offspring from each host-batch in each vial for at least 3 

days after emergence. Next, from each host-batch, one F2 female was randomly selected 

and tested. Female offspring were tested for the four parasitization performance 

components. Due to practical restrictions, families were tested in five different blocks. 

Offspring performances of each block were tested on the same day.   

Data analysis 

All analyses were done in R (version 3.6.1) (R Core Team, 2020). Parasitization 

performance indices of European lines were analysed with generalized mixed models for 

binomial data by specifying a two-column matrix with the number of “successes” and 

“failures” using the lme4 package (Bates, Machler, Bolker, & Walker, 2015). Parasitization 

performances were compared by correcting for day-to-day variation in fly survival. To this 

end, performances were standardized with the average fly survival of the control flies that 

were not exposed to wasps on the same testing day (n). Testing date and replicate line were 

included as random effects. When data were overdispersed, observation level random effect 

was added (Harrison, 2015). Significance of main effects was tested by comparing the full 

model to the model without the fixed effect by ANOVA. Post-hoc comparison of means 

was performed with Tukey tests, using the emmeans package (Lenth, 2020). 

The additive genetic variance was estimated with an ‘animal model’ using the 

MCMCglmm R package (version 2.29). Unlike the ‘classical’ approach, which entails 

partitioning variance using a mixed effect model with nested random effects, this Bayesian 

approach can be applied to unbalanced pedigrees and generalized models when normality is 

violated (Wilson et al., 2010), which was the case in our study. Estimates of additive 

genetic variation are based on pedigree data describing all known individual relationships. 

To account for haplodiploid sex determination of the parasitoids, following Sheehan, Choo, 

and Tibbetts (2017), the genetic covariance matrix was estimated using the “makeS” 

function of the nadiv package (Wolak, 2012).  
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Each parasitization performance trait was analysed by specifying a two-column matrix with 

the number of “success” and “failures”, using the “multinomial2” family argument 

(Hadfield, 2010). As parasitization performances are also expected to be partly determined 

by the fitness of the fly hosts, models were also fitted by taking variation in fly survival into 

account between the five testing days by standardizing parasitization performances with the 

average fly survival of the controls that were not exposed to wasps. Animal ID was fitted as 

random effect to estimate the additive genetic variance. Moreover, measurement day and 

mother ID were taken as random effects to account for similarities between individuals 

measured on the same measurement day and for influence of the mother. One block was 

omitted because the average D. suzukii survival of the control group was about half of the 

other 4 blocks (10.8, vs 21.1, 20.0, 22.0, 20.0), suggesting a low-quality host batch, which 

makes estimation of parasitization performances of these wasps unreliable. From the 

models, we computed the quantitative genetic parameters: additive genetic variance and 

heritability. The narrow sense heritability (ℎ2) was estimated by dividing the genetic 

variance component by the total phenotypic variance (Va/Vtotal). We added 1 to the 

denominator due to the probit link function.  

Weakly uninformative priors were chosen. The residual variance (Vr) was fixed to 1 as for 

binomial-related families the residual variance is not identifiable (de Villemereuil, 2012). 

Note that Va scales with the value of Vr, meaning that heritability estimates are roughly non-

sensitive to the actual value to which Vr is fixed (Pierre de Villemereuil, personal 

communication). For the random effects (which includes Va) the inverse-Gamma prior is 

advised and commonly used (V=1, nu=0.002 in MCMCglmm) (Hadfield, 2010). However, 

as this places too much weight on 1 when estimating heritability in binomial traits, 

following de Villemereuil (2012) and de Villemereuil, Gimenez, and Doligez (2013), we 

used the Chi-square distribution with 1 degree of freedom (V = 1, nu = 1000, alpha.mu = 0, 

alpha.V = 1 in MCMCglmm). This improves the rate of convergence and shows a relatively 

close uniform distribution of heritability. Posterior distributions were sampled 910,000 

times. Autocorrelation (<0.1) and effective sample size (>1000) were verified to increase 

confidence in parameter estimates and convergence was tested with the Heidelberg 

stationary test (Wilson et al., 2010; de Villemereuil, 2012). 

3. Results 

Strain differences in parasitization performance 

Females of L. heterotoma of all seven European populations readily accepted D. suzukii 

hosts for parasitization (Fig. 2a). Parasitization by L. heterotoma significantly reduced D. 

suzukii survival (GLMM, β = -0.97, χ2 (1) =5.77, p=0.016), and killed on average 37.4% ± 

2.74 SE of the flies with a range of 0-100%. Populations differed in killing rate (i.e., the 

percentage of flies killed after adjustment for fly mortality of non-exposed larvae) (GLMM, 

χ2 (6) =122.38, p<0.01) (Fig. 2b): the FR-Sm line had a significantly lower killing rate 

compared to NL-Wag, FR-Be, and SP-Gi, and the SP-GI population showed a higher 

killing rate than SP-Sa and NL-VB (Tukey’s post hoc test, p<0.05). The differences in 

attack rate approached significance (GLMM, χ2 (6)=12.28, p=0.056) (Fig. 2a), but the 
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proportion of attacked flies that were killed differed significantly (Fig. 2c) (GLMM, χ2 (6) 

=19.52, p=0.003), and ranged between 0 and 100% with an average of 49.3% ± 3.24 SE. 

The FR-Sm population was less efficient in host-killing compared to FR-BE, SP-Gi and 

NL-Wa (Tukey post hoc test, p<0.001). The percentage of killed flies that yielded offspring 

did not differ (GLMM, χ2 (6) =3.03, p=0.8), and was nearly zero in all populations (Fig. 2d). 

Of the 2070 fly hosts that were exposed to parasitoids, only five yielded offspring (0.24%) 

(2 by SP-Gi, and 3 by FR-Be). In other experiments, parasitoids of FR-Sa and NL-Wa also 

occasionally successfully reproduced on D. suzukii (A. Kruitwagen, unpublished data). 

 

Figure 2 | Parasitization performances of seven European L. heterotoma strains attacking D. suzukii: (A) attack 

rate, (B) killing rate; (C) lethal attack rate, and (D) successful parasitism. Boxplots provide data for ten replicates 

per strain, each replicate containing 30 larvae that were exposed to two parasitoid females. Each performance 

index was standardized for fly mortality when not exposed to wasps; for trait description see Table 1. 

Abbreviations: FR, France; NL, The Netherlands; SP, Spain, for strain name abbreviations see Material & 

Methods. Horizontal lines represent median, top and bottom are 25th and 75th percentiles and points are outliers.   

Additive genetic variation and heritability of parasitization performances 

In total 68 sires, 122 dams and 357 offspring were analysed. Not each sire mated 

successfully with the three females provided: 33 sires mated with two dams and 28 with 

one dam. Offspring of each female were tested for their parasitization performances on D.  
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Table 2 | Parasitization performances of wasps from a genetically variable line of L. heterotoma. The line was 

generated by reciprocally crossing 7 European parasitoid strains. For each of the parasitization performance 

indices (in percentages), we provide the mean value, standard deviation (SD), standard error of the mean (SE), and 

minimum and maximum value. These measurements are based on n = 357 parasitoid wasps that were tested in 

four blocks.  

Trait (%) Mean SD SE Min  max 

Killing rate 48.78 24.561 1.299 8.0 100 

Std. killing rate 38.15 28.898 1.529 0.0 100 

Attack rate 4.18 23.318 1.234 12.0 100 

Std. attack rate 68.57 28.234 1.494 0.0 100 

Lethal attack rate 67.76 25.740 1.362 15.4 100 

Std. Lethal attack rate 53.70 34.083 1.803 0.0 100 

Successful parasitism 0.96 3.307 0.175 0.0 20 

Std. Successful parasitism 1.68 6.090 0.322 0.0 50 

 

suzukii (Table 1). Killing rate, attack rate and lethal attack rate all showed large intra-

specific phenotypic variation ranging from 0 to 100% and related individuals exhibited 

comparable parasitization performance; this was not the case for successful parasitism 

(Table 2, Fig. 3). Animal models demonstrated significant additive genetic effects 

underlying attack rate, killing rate and lethal attack rate but not for successful parasitism 

which had (almost) zero genetic variance (Table 3). Day of measurement (families were 

tested in four different blocks) also influenced phenotypic variation, indicated by a 

significant effect of ‘testing day’ (Table 3), but ‘mother’ did not, which includes variance 

due to common maternal environment. This non-genetic factor thus also contributes to the 

observed phenotypic variation in parasitization performances. Heritability, i.e., the 

proportion of phenotypic variation due to additive genetic effects, was significantly higher 

than zero for killing rate, attack rate and lethal attack rate (Table 3). Heritability was about 

0.1 – 0.2 larger when standardized for natural fly survival, indicating that environmental or 

host effects influenced trait value expression. Attack rate showed low to moderate 

heritability, for the standardized h2= 0.22 and for the non-standardized h2= 0.44. 

Heritability of host-killing was relative lower: for the standardized h2 =0.15 and non-

standardized h2 =0.28. Standardized lethal attack rate (killing efficiency) had the largest 

heritability of 0.6 and successful parasitism the lowest, i.e., close to zero.  

4. Discussion  

In this study we investigated genetic variation and heritability of parasitization traits of the 

parasitoid wasp L. heterotoma on the non-native pest D. suzukii by quantification of four 

parasitization performance indices: attack rate, killing rate, lethal attack rate and successful 

parasitism. If parasitization is successful, it results in parasitoid offspring and host mortality 

(‘reproductive host mortality’). In line with previous studies (Chabert et al., 2012; Kacsoh 

& Schlenke, 2012; Mazzetto et al., 2016; Stacconi et al., 2017; Iacovone et al., 2018), our 

study revealed that European L. heterotoma populations exhibited a near zero reproductive 

success on this novel host, but significantly reduced fly survival. Such parasitoid induced 

host death without reproducing is known as non-reproductive host killing. This is thus an  
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Figure 3 | Performance per half-sib family (sire), ordered on median values of killing rate. Performances were 

standardized for the average fly mortality of non-exposed flies; for trait description see Table 1. Horizontal lines 

represent median, top and bottom are 25th and 75th percentiles and points are outliers. 

additional source of host mortality due to parasitism, besides the host mortality from 

parasitoid offspring development. Interestingly, we also found large variation between 

European populations in attack rate and non-reproductive host killing, indicating intra-

specific genetic variation. We then questioned to what extent the observed phenotypic 

variation in parasitization performances is determined by genetic effects and is heritable, 

which is essential to predict evolutionary potential and response to selection for genetic 

improvement (Falconer & Mackay, 1996; Wajnberg, 2004b; Lommen et al., 2017; 

Kruitwagen et al., 2018). We therefore crossed the European lines to create a genetically 

variable L. heterotoma line and constructed half-sib families to quantify the amount of 

genetic variance and heritability of traits that influence the final outcome of parasitization. 

There was no genetic variation in successful parasitism. However, ‘animal models’ showed 

significant additive genetic effects in attack rate, killing rate and lethal attack rate. 

Moreover, these traits had moderate to high heritability (0.2-0.6).  

Heritability was larger for lethal attack rate (i.e., the proportion hosts killed out of the 

attacked ones) compared to the attack and killing rate. The latter two are likely mainly 

determined by behavioural traits (e.g., activity level, host finding ability), whereas killing 

efficiency may have a physiological basis (e.g., venom composition). This is in line with 

the general observation that behavioural traits have low heritability (ℎ2 < 0.3) (Mousseau 

& Roff, 1987; Stirling, Réale, & Roff, 2002; Dochtermann, Schwab, Anderson Berdal, 

Dalos, & Royauté, 2019). A low heritability can indicate low genetic variation underlying 

phenotypic variation, possibly due to strong selection eroding intra-specific genetic  
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Table 3 | Variance components and heritability of parasitization performances of L. heterotoma tested on 

Drosophila suzukii hosts from Bayesian animal models. Models were compared with and without standardization 

for average D. suzukii mortality on the same measurement day when not exposed to wasps. Point estimates are 

posterior mode and ranges are 95% credible interval of the posterior mode, i.e., the range of values that the 

parameter takes with 95% probability. Note that residual variance was set to 1 due to nature of the data (see 

material and methods). 

 Variance components Heritability (h2) 

 Additive 

genetic 

variance 

(Va)  

Testing 

day 

Mother Residual 

variance 

 

Killing rate 0.413 

(0.256-

0.688) 

0.2434 

(0.127-

2.617) 

0.000367 

(7.324e-7 

– 0.1304) 

1 0.148 (0.063-0.217) 

Std. killing rate  1.077 

(0.7406-

1.553) 

0.3453 

(0.0426-

3.1867) 

0.0009817 

(5.653e-7 

– 0.211) 

1 0.281 (0.132-0.372) 

Attack rate 0.658 

(0.287 -

1.117) 

0.0179 

(1.234E-

7 - 

1.093) 

0.0022149 

(1.043e-

06 -0.372) 

1 0.223 (0.106-0.363) 

Std. attack rate  1.886 

(1.091-

1.054) 

0.00941 

(3.108E-

5 -0.766) 

0.001456 

(4.203e-7 

– 0.296) 

1 0.442 (0.329-0.579) 

Lethal attack 

rate  

2.784 

(1.819 - 

3.831) 

1.0098 

(0.171- 

3.434) 

0.0010463 

(1.809e-

09 – 

0.219) 

1 0.484 (0.305-0.583) 

Std. lethal attack 

rate 

4.656 

(3.362 -

6.462) 

0.6522 

(0.251 – 

4.493) 

0.0015981 

(9.273e-

07 – 

0.2629) 

1 0.606 (0.378 - 0.700) 

Successful 

parasitism 

0.01052 

(2.172e-

6 -1.364) 

0.1963 

(5.152e-

04 -

2.668) 

0.007828 

(1.177e-

06- 1.263) 

1 0.001757 (7.648e-07 - 

0.318) 

Std. successful 

parasitism 

0.004270 

(2.274e-

7 - 

0.989) 

0.004372 

(1.659e-

6 1.524) 

0.00885 

(1.386e-5 

0.987) 

1 0.002066 (9.021e-08 -

0.296) 

 

variation (Falconer & Mackay, 1996). This would imply that attack and killing rate are 

under strong natural selection, whereas the lethal attack rate (the efficiency by which hosts 

are killed) is not. It can also indicate that these traits are influenced to a relatively large 

extent by environmental and non-additive genetic variance (Price & Schluter, 1991; Houle, 

1992). As such, even when there is a relative low heritability, there might still be 

considerable natural genetic variation present and these traits might still respond to 

selection.  
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In our experiment we attempted to reduce environmental variation to improve our estimate 

of genetic parameters. Parasitoids were reared on low resistant hosts (D. melanogaster) in 

standardized larval densities and nutritious rich environment to ensure high quality hosts, 

and to reduce variance induced by the developmental host conditions (see also this thesis 

Chapter 4). Moreover, all hosts were similar in age and the parasitoids were tested at 

constant temperature and at the same time of day (afternoon). Yet, several environmental 

factors could have induced phenotypic variation. We found that the heritability estimates 

standardized for day-to-day differences in fly mortality were larger compared to the 

unscaled models. Standardized traits were scaled to average fly survival, thereby reducing 

variation induced by differences in fly condition. Hence, this suggests that either 

environmental and host factors also induced variation in parasitization performances. The 

D. suzukii hosts might differ in condition and behaviour, for example due to (small) 

differences in nutritional status, size, genotypes and their location within a patch (e.g., in or 

on the food medium) which could impair host finding. Furthermore, variation in 

parasitization could have been due to differences in the parasitoids’ status/condition, such 

as whether they had mated or not (Pompanon, Fouillet, & Bouletreau, 1999), their body 

size (this thesis Chapter 4) and fat reserves (Ellers, Van Alphen, & Sevenster, 1998). 

It should be noted, however, that the estimates of additive genetic variance and heritably 

are influenced by the statistical model used (Wilson, 2008), the population of investigation 

and the conditions in which the individuals are tested (Falconer & Mackay, 1996; Wilson et 

al., 2010). Consequently, although heritability estimates are useful for predicting response 

to artificial selection in controlled conditions and detecting presence of genetic variation, 

the question is how to translate these predictions to the field (Weigensberg & Roff, 1996; 

Hoffmann, 2000; Blanckenhorn, 2002). Evolution in nature likely takes place under 

different (a)biotic conditions in which selection pressure might vary and change. Hence, 

care should be taken by extrapolating heritability estimates and predicting evolutionary 

trajectories. This also applies to our finding of genetic effects of non-reproductive host-

killing. Attacking and killing hosts without reproducing is clearly maladaptive. This raises 

the question what maintains heritable variation in attack rate and non-reproductive host 

killing and how it influences the evolution of parasitization. The parasitoids’ parasitization 

strategy is likely adaptive for exploiting host species with other level/type of resistance. 

Non-reproductive host-killing might therefore be a ‘by-product’ of virulence when 

attacking unsuitable hosts, which could maintain non-reproductive host killing in nature. As 

there was a lack of ability in the parasitoids to overcome D. suzukii resistance, it would be 

expected that selection will act on host choice. As such, avoidance of unsuitable hosts 

might be more likely to evolve, resulting in host-range conservation rather than host-range 

expansion/shift. Overall, to predict the ecological and evolutionary consequences of an 

invader host species on resident parasitoids, more insight is needed in host-parasitoid 

population dynamics in nature (e.g., parasitoid encounter rates with different host types), 

fitness costs of attacking the novel hosts, and the genetic variation for parasitization traits. 

In conclusion, although the reproductive success of L. heterotoma was nearly zero on D. 

suzukii, we found significant genetic variation in host killing. Lethal ovipositor probing or 

immune defence costs, for example, can negatively affect the hosts’ survival rate (Abram et 
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al., 2016). Therefore, even without being able to reproduce, parasitoids can still have 

considerable effects on the unsuitable host population, and thus be valuable for biological 

control (Abram et al., 2016; Kaser, Nielsen, & Abram, 2018). Interestingly, although this 

source of host-killing is often reported in literature, it has received little attention in the 

ecology and evolution of host-parasitoid interactions and for controlling pest populations 

(Abram et al., 2016). Moreover, genetic parameters have been measured for a large variety 

of traits, including proxies of parasitization (e.g., Geden, Smith, Long, & Rutz, 1992; 

Henter, 1995; Cronin & Strong, 1996; Olson & Andow, 2002; Andow & Olson, 2003; 

Henry, May, Acheampong, Gillespie, & Roitberg, 2010; Samková, Hadrava, Skuhrovec, & 

Janšta, 2019), but, to our knowledge, not explicitly for non-reproductive effects (but see 

Carton, Capy, & Nappi, 1989). Consequently, little is known about the sources of variation 

in parasitoid-induced host mortality without reproduction. We here report that genetic 

variation underlies the intraspecific variation in non-reproductive host killing. This opens 

possibilities for selecting resident parasitoids to control invasive pests, as part of pest 

management programs to develop and improve biocontrol agents.  
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Abstract 

Individual variation among parasitoids in the success rate of host parasitization can arise 

from both genetic and environmental factors. Here we examined the ability of the parasitoid 

wasp Leptopilina heterotoma to parasitize the non-native pest Drosophila suzukii. 

Previously, we showed that although offspring are generally not able to survive in this 

resistant host species, wasps are able to reduce survival of D. suzukii. Therefore, we are 

attempting to develop L. heterotoma as a biocontrol agent against D. suzukii by rearing it on 

D. melanogaster, and then releasing it to induce high mortality in the developing larvae of 

D. suzukii. Heritability analysis indicated that this non-reproductive host killing is not only 

influenced by genetic variation but also to a large extent by environmental factors. In this 

study we tested two environmental factors known to affect parasitoids’ fitness: i) 

developmental host quality (D. melanogaster) through manipulation of host nutrition, and 

ii) heat-shock to remove the endosymbiont Wolbachia. Host quality did influence 

parasitization success: wasps cultured on relatively low-quality hosts produced fewer 

offspring, these offspring were smaller and exhibited lower killing rate. Three generations 

of heat-shock treatment did not reduce Wolbachia titer and parasitization success, 

suggesting that this endosymbiont-host association is heat-tolerant. Overall, we demonstrate 

that phenotypic variation in host-killing rate is affected by host quality, but parasitoids’ 

offspring survival rate is not improved when attacking D. suzukii. This information is 

important for developing biocontrol programs.  

Key-words: endosymbiont, Drosophila, host-parasitoid interactions, pest management 
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1. Introduction  

Parasitoids are important natural enemies of insect pests and commonly used as biocontrol 

agents (Stiling & Cornelissen, 2005; van Lenteren, 2012). The pest is killed through 

feeding and development of the immature parasitoid inside the host or the consumption of 

the host by the adult parasitoid (Carton et al., 1986; Jervis & Kidd, 1986; Godfray, 1994). 

The parasitoids’ ability to control pest populations is determined by a complex set of 

interacting factors. Among these factors are the genetics of the parasitoid, its associated 

microbiome, environmental effects, genetics x environmental interactions and various 

interactions with the phenotype of the pest (Kruitwagen et al., 2018; Brinker, Fontaine, 

Beukeboom, & Salles, 2019). As a result, understanding and predicting the evolutionary 

ecology of host-parasitoid interactions and the efficiency of parasitoids for regulating host 

populations is a major challenge in the field of biological control.  

In this study we focus on the parasitoid Leptopilina heterotoma, which is a relatively 

virulent larval parasitoid of a wide range of Drosophila species (Schlenke, Morales, 

Govind, & Clark, 2007; Fleury et al., 2009). It is also one of the few European parasitoids 

attacking the invasive pest Drosophila suzukii (Chabert et al., 2012; Kacsoh & Schlenke, 

2012; Miller, Anfora, Buffington, Daane, Dalton, Hoelmer, Rossi Stacconi, et al., 2015; 

Stacconi et al., 2015; Knoll et al., 2017; Ibouh et al., 2019; Rota-Stabelli et al., 2020; 

Kruitwagen, Wertheim, & Beukeboom, 2021). When they parasitize D. suzukii, however, 

they seem unable to overcome the relatively high level of immune resistance of D. suzukii 

compared to other Drosophila species (Kacsoh & Schlenke, 2012; Poyet et al., 2013; 

Iacovone et al., 2018). Consequently, parasitization typically does not result in offspring 

(Kruitwagen et al., 2018; Kruitwagen et al., 2021). Yet, L. heterotoma exhibits non-

reproductive host killing, defined as parasitoid-induced host mortality without offspring 

production, indicating that D. suzukii is vulnerable to this parasitoid in the invaded area. 

Moreover, L. heterotoma populations vary in host-killing rate (Kruitwagen et al., 2021). 

This raises the question what hampers this parasitoid species to expand the range of hosts it 

can successfully exploit for reproduction and what determines individual differences in the 

magnitude of host-killing rate in L. heterotoma. Previously, we reported that host-killing 

rate has a heritability of 0.15-0.28 (Kruitwagen et al., 2021). Hence, besides presence of 

significant genetic variation, host killing is also greatly influenced by environmental 

factors. Here, we address two environmental factors known to play an important role in 

shaping the parasitoids’ parasitization performance: endosymbiont bacteria and the 

influence of the host quality for the fitness of the parasitoid that emerges from it. 

Natural populations of L. heterotoma are infected with Wolbachia bacteria (Vavre, Fleury, 

Lepetit, Fouillet, & Boulétreau, 1999; Vavre, Fleury, Varaldi, Fouillet, & Bouleatreau, 

2000), which is a maternally inherited endosymbiont common in arthropods (Werren, 

Windsor, & Guo, 1995; Werren & Windsor, 2000). Wolbachia can have different 

phenotypic effects on their host, such as reproductive manipulation and provisioning of 

pathogen protection to facilitate its spread (Zug & Hammerstein, 2015). Wolbachia 

infection imposes large fitness costs in L. heterotoma, reducing its fecundity, locomotor 

activity and adult survival (Fleury, Vavre, Ris, Fouillet, & Bouletreau, 2000). Moreover, 
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Fytrou et al. (2006) reported that infected wasps have a significantly lower offspring 

survival rate in D. simulans - a host with a relatively high level of resistance - compared to 

Wolbachia-free females and hypothesized that infection might influence venom production. 

These results suggest that Wolbachia is an important factor influencing parasitization 

success and may hamper exploitation of D. suzukii by the wasps. 

External conditions such as temperature can affect the symbiont infection status of hosts 

(Corbin, Heyworth, Ferrari, & Hurst, 2017). High and low temperatures can reduce 

Wolbachia abundance and alter their impact on their host (Mouton, Henri, Charif, 

Boulétreau, & Vavre, 2007; Ulrich, Beier, Devine, & Hugo, 2016; Ross, Ritchie, Axford, & 

Hoffmann, 2019). Symbiont-mediated phenotypic changes might therefore affect the 

outcome of host-parasitoid interactions with cascading effects on the dynamics of the 

ecological community that parasitoids are part of. This implies that this temperature-

sensitivity feature may be used to manipulate Wolbachia presence in potential biocontrol 

agents. Here, we aim to assess whether reduced Wolbachia titers improve the killing 

efficiency and reproductive potential of L. heterotoma. We expect that heat-shock will 

eliminate Wolbachia and that this in return will reduce Wolbachia-mediated physiological 

costs in the parasitoid. Elimination of Wolbachia might increase the parasitoids’ ability to 

exploit D. suzukii, by either increasing the rate of non-reproductive host killing or offspring 

survival.  

Another important environmental factor influencing parasitoid fitness is the nutritional 

quality of the developmental host, i.e., the host in which the female parasitoid developed as 

larvae. Parasitoids, including L. heterotoma, acquire resources mainly as immature stages 

by feeding from the host tissue, whereas adults often lack the ability to convert and store 

nutrients in form of lipids for long-term energy storage (Eijs, Ellers, & van Duinen, 1998; 

Visser & Ellers, 2008; Visser et al., 2018). Indeed, studies show that the state, species or 

condition of the developmental host has a major impact on the adult phenotype, including 

nutritional reserves (fat reserves) (Eijs et al. 1998) and adult size (Harvey, Harvey, & 

Thompson, 1994; Harvey, 2005), of which the latter is an important determinant of fitness 

and reproductive potential in insects (Vinson & Iwantsch, 1980; Godfray, 1994; Visser, 

1994; Kazmer & Luck, 1995; Rivero & West, 2002; Beukeboom, 2018). In parasitoids, 

body size is reported to influence host searching efficiency, longevity and egg load (Visser, 

1994; Kazmer & Luck, 1995; Rivero & West, 2002; Bezemer, Harvey, & Mills, 2005). 

Likewise, the condition of the developmental host may also influence body size in L. 

heterotoma. This might in turn induce phenotypic variation in killing rate and the ability of 

offspring to survive on D. suzukii. 

In this study we investigate whether Wolbachia infection and parasitoids’ body size 

influences host killing rate and offspring survival in the parasitoid L. heterotoma exploiting 

D. suzukii. Wolbachia presence was manipulated by a heat-shock treatment and wasp body 

size by rearing wasps on different ‘quality’ hosts through rearing them in a nutritious poor 

or rich environment. To this end, we subjected parasitoids for three successive generations 

to heat-shock treatment and next offered these heat-treated parasitoids hosts that differed in 

quality. The developmental host we used was D. melanogaster, which - unlike D. suzukii - 
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is a highly susceptible and suitable host for L. heterotoma development. The differentiation 

in quality was induced by manipulating the nutritional conditions for these hosts. The 

offspring were then examined for the presence of Wolbachia, and parasitization 

performance was quantified and compared to individuals that were not exposed to a heat-

shock. Moreover, we measured parasitoids’ body size to test the hypothesis that low host 

quality and Wolbachia infection would reduce the wasps’ size and to test whether there is a 

positive relationship between wasp size and parasitization ability of D. suzukii.  

2. Material and Methods 

Insect cultures 

Seven European strains of L. heterotoma (two from Spain, two from the Netherlands and 

three from France) were crossed to generate a genetically diverse laboratory culture (this 

thesis Chapter 3). Wasps were maintained on the relatively low resistant host D. 

melanogaster strain (WW) and reared in plastic bottles containing 30 ml medium (“WW 

medium”) (agar (17g/L), yeast (26g/L), sugar (54g/L) and nipagine (16,7 ml/L)). For 

experimental tests, a D. suzukii strain was used from Westland, the Netherlands, collected 

in 2016. Drosophila suzukii was reared on “DS” food medium containing agar (10 g/L), 

glucose (30 g/L), sucrose (15 g/L), heat-inactivated yeast (35 g/L), cornmeal (15 g/L), 

wheat germ (10 g/L), soya flour (10 g/L), molasses (30 g/L), propionic acid (5 mL/L), and 

Tegosept (2g/L). Flies were maintained at 20 °C, under a light-dark regime of 16:8.  

Heat-shock treatment and manipulation of developmental host quality  

To remove the endosymbiont Wolbachia, female L. heterotoma were subjected to a heat-

shock during three successive generations (P, F1, F2). First, the laboratory culture was 

divided in a heat-shock (HS) and a control (HS-C) group, each consisting of 59 randomly 

chosen females, kept individually. Each generation, 3–10-day old females of the heat-shock 

treatment (HS) were treated twice with 4 hours in between. The heat-shock was induced by 

placing individual wasps in 1.5 mL PCR tubes in a PCR machine (Thermo Fisher 

Scientific, Veriti™) at 37°C for 30 minutes with the cover heating of the PCR machine 

turned off. Pilot experiments showed that females generally survived this temperature 

treatment, and in a related system (Asobara japonica) a similar temperature treatment (38 

°C) reduced Wolbachia titer (Brinker P, and Basu M., unpublished results). Females of the 

heat-shock control group (HS-C) were given the same treatment but at 25 °C. Next, 

individuals of both HS and HS-C were placed at 25 °C with a male (sibling) for several 

days and cultured on D. melanogaster to produce a new generation. This host species was 

chosen because the wasps have high (>80%) survival rate on this low resistant host species, 

whereas on D. suzukii offspring generally fail to develop. Wasps were cultured by placing 

each wasp separately on a batch of ±30 second instar D. melanogaster larvae in a vial with 

Drosophila medium (“WW” medium). This allowed tracking of each individual female line 

over generations. Offspring were allowed to mate with their siblings and then two females 

were randomly selected per line (one served as back-up to secure the survival of each line) 
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to undergo the same temperature treatment as their mothers (HS or HS-C); subsequently, 

they were again cultured on D. melanogaster.  

After three generations of heat-shock (F3), 20 wasp lines of the HS and 28 lines of the HS-

control group were left of the initial 59 lines per heat-shock treatment group. Lines were 

lost due to mortality before reproduction or lack of female offspring. To test the influence 

of developmental host conditions on offspring size and parasitization performance, the F3 

generation was cultured on hosts that differed in quality using a ‘split brood’ design. 

Females (2-4 per line) were placed first on the low- or high-quality hosts for 3 hours at 

25°C, and two days later on the patch of the other host-quality. Following Fellowes, 

Kraaijeveld, and Godfray (1998) “low quality hosts” (L) were obtained by placement of 30 

second instar D. melanogaster on batches with relative low food levels (0.05 ml of 1:4 

baker’s yeast and water), whereas “high quality hosts” (H) had access to abundant amount 

of food (0.5 ml baker’s yeast paste) on a layer of agar. These food levels were shown to 

induce minor or major larval competition and host mortality rates respectively (Fellowes et 

al., 1998; Kraaijeveld & Godfray, 1997). This resulted in 4 treatment groups: HS+L, 

HS+H, HC-C+L, HC-C+H. After culturing on the low- and high-quality hosts, the number 

of wasp lines decreased to 15 (HS) and 14 (HS-C) (F4). The offspring’s ability to parasitize 

D. suzukii and their body size were measured (see below). 

Parasitization performances measurements 

To compare the effect of developmental host quality and heat-shock on parasitization 

performances, females of the four treatment groups (F4) were tested for their ability to 

parasitize D. suzukii. Individual parasitization performances were measured following a 

standardized parasitization performance test as described in this thesis Chapter 3. In short, 

each female was placed in a vial with 25 D. suzukii larvae for four hours to parasitize. The 

number of emerging D. suzukii flies that survived wasp exposure and the number of wasp 

offspring were counted. Control vials were maintained on each testing day to measure host 

survival in absence of the parasitoid. Each wasps’ killing rate was then quantified as the 

percentage of flies killed in excess to the mortality of non-exposed flies. As measure of 

reproductive success, successful parasitization was calculated as the proportion of flies 

killed that yielded wasp offspring.  

Wasp size 

To test the influence of developmental condition on parasitoid body size, and the 

correlation between wasp size and parasitization performance, we measured tibia length of 

females of the four treatment groups (F4). Three separate pictures were taken from the 

right-hind tibia of each wasp with a microscope (5x magnification, Zeiss Stemi SV6) and 

length (mm) was measured in Adobe Photoshop with the ruler tool. Wasps were always 

placed on their right-hand side and each photo included a sizing standard by taking a 

picture of a millimeter paper to set a millimeter scale in Photoshop that sets for each 405 

pixels to be 1 millimeter. Average tibia length was used as proxy for body size.  
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Wolbachia detection 

For the detection of the endosymbiont Wolbachia, genomic DNA was extracted from the 

whole body of each adult wasp, using a high-salt protocol adjusted from Aljanabi and 

Martinez (1997). To test if the heat treatment was successful in removing 

Wolbachia infection, presence of Wolbachia was detected by a diagnostic polymerase chain 

reaction (PCR) using the universal Wolbachia primers wsp-81F (5′-TGG 

TCCAATAAGTGATGAAGAAAC-3′) and wsp-691R (5′-

AAAAATTAAACGCTACTCCA-3′) (Braig, Zhou, Dobson, & O’Neill, 1998; Zhou, 

Rousset, & O'Neill, 1998), resulting in an amplified DNA fragment of about 600 bp. This 

test was performed on the 15 surviving lines that had received the heat-shock in three 

successive generations (F4), as well as in the 15 parental lines (P) from which these F4 

individuals originated before the heat shock treatment. PCR amplifications were performed 

in 20 μL reactions containing 2 μL of DNA (10 ng), 2.5 μL 10x reaction buffer, 2.5 μL 

dNTPs (2 mM), 1 μL of each primer (10 uM), 0.1 μL of Taq polymerase and 10.9 μL water. 

PCRs were run under the following cycling conditions: denaturation by 94 °C for 2min, 

followed by 35 cycles of 60 s at 94 °C, 60 s at 55 °C, 60 s at 72 °C and a final extension 

step of 10 min at 72 °C.  

Statistical analysis 

Killing rate was analysed with generalized mixed models for binomial data by specifying a 

two-column matrix with the number of “successes” and “failures” using the lme4 package 

(Bates, Mächler, Bolker, & Walker, 2014). The effect of heat-treatment and host-quality 

was analysed by fitting fly survival as dependent variable and both treatments and their 

interaction as fixed factors and measurement date and female line as random factor. Killing 

rate was compared by correcting for day-to-day variation in fly survival. To this end, 

performances were standardized with the average fly survival of the control flies that were 

not exposed to wasps on the same testing day. If overdispersion was detected, observation 

level random effect was added (Harrison, 2015). Parasitoid body size was analysed with 

linear mixed models in which heat treatment, host-quality and their interaction were fitted 

as fixed factors and measurement date and female line as random factor. Prior to analysis, 

the data were Box-Cox transformed to meet assumption of normality (Box & Cox, 1964). 

The power term of the Box-Cox transformation was estimated with the MASS package in R 

(Venables & Ripley, 2013), yielding = 1.6. Significance of main effects in each model 

was tested by comparing the full model to the model without the fixed effect by ANOVA. 

Tukey tests were used for post-hoc comparison of means using the emmeans package 

(Lenth, 2020). All analysis were done in R (version 4.0.2) (R Core Team, 2020). 

3. Results 

Quality of developmental host 

To manipulate the ‘quality’ of the developmental host, larvae of D. melanogaster were 

cultured in a poor or rich nutritious environment. Food abundance significantly affected 
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larva-to-adult survival rates of D. melanogaster (GLMM, β = -4.44, χ2 (1) =838.22, 

p<0.01). On average 88.3% ± 2.34 SE flies survived (out of a batch of 30) when food was 

abundant, whereas only 17.0% ± 5.12 SE survived when having access to low food level 

(Fig. 1). Hence, host condition was indeed significantly affected by the food treatment. 

These hosts of low or high quality were subsequently used to produce a generation of 

parasitoid wasps that were assessed for (1) Wolbachia presence (2) wasp body size and (3) 

ability to parasitize D. suzukii. Prior to this, the parasitoid lines had either received two 

heat-shock treatments (separated by 4 hours) during three successive generations to remove 

the endosymbiont Wolbachia, or had been reared for three generations without heat-shock 

as control.  

After culturing on the low- and high-quality D. melanogaster hosts, the number of wasp 

lines decreased from 20 to 15 (HS) and 28 to 14 (HS-C) (F4). This was because parasitoids 

cultured on low quality hosts had a significantly lower survival compared to those from 

high quality hosts, and the percentage of 30 hosts that gave rise to one parasitoid offspring 

was 20.3% ± 0.77SE on low quality hosts vs 56.6% ± 1.03SE on high quality hosts 

(GLMM, χ2 (1) =47.54, p<0.01). The number of offspring was neither influenced by the 

heat-shock treatment (GLMM, χ2 (1) =0.13, p=0.718) nor by the interaction between heat-

shock and quality of the host (GLMM, χ2 (1) =0.014, p=0.91). The proportion of D. 

melanogaster flies killed that yielded a wasp did not differ between food treatments 

(GLMM, χ2 (1) =1.088, p=0.30), heat-shock treatments (GLMM, χ2 (1) =0.37, p=0.54) nor 

their interaction (GLMM, χ2 (1) =1.28, p=0.26). Hence, host quality did affect the number 

of wasp offspring in the F3, but not the parasitization efficiency of the wasps. 

 

Wolbachia presence  

To investigate whether heat-shock treatment and developmental host quality influenced 

Wolbachia presence, each wasp line that had received heat-shock treatments during three 

successive generations and that was reared on the low- and high-quality hosts (F4) was 

tested with a diagnostic PCR. Wolbachia was present in all wasp lines; both in the parental 

lines and in all the surviving F4 lines. Hence, the heat-shock treatment did not alter 

Wolbachia presence in the lines that survived temperature treatment. 

Figure 1 | Survival rate of 

developmental host (D. melanogaster) 

under different food quantities. Survival 

rate was calculated as the percentage of 

larvae that survived to adulthood out of 

a batch of 30 hosts. Vertical lines 

represent standard deviation around the 

mean (black symbol).  
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Figure 2 | Effect of developmental host quality and temperature treatment on (A) parasitoid offspring hind tibia 

length (mm) and (B) killing rate of D. suzukii (%). Killing rate was calculated as the percentage flies killed out of a 

batch of 25 hosts, adjusted for average fly mortality of non-exposed flies. Vertical lines represent standard 

deviation around the mean (darker symbol).  

Parasitoid body size 

We measured body size of parasitoid offspring that emerged from different quality hosts of 

each heat-shock treatment group. Tibia length, as a proxy for body size, was significantly 

affected by the quality of the developmental host: parasitoid offspring that emerged from 

low quality hosts had significantly smaller tibia length compared to those emerged from 

high-quality hosts (Fig. 2A) (0.417mm ±0.0068 SE, 0.573mm ±0.0033 SE resp., LMM, χ2 

(1) =204.95, p<0.001). Heat-shock treatment of the maternal wasps and its interaction with 

host quality had no significant effect on wasp tibia length (GLMM, χ2 (1) =0.008, p=0.93, χ2 

(1) =0.963, p=0.33 resp.). 

Parasitization of D. suzukii 

The differently sized offspring that emerged from the low-and high-quality hosts of the 

heat-shock treatment groups were tested for their ability to parasitize D. suzukii. 

Reproductive success on D. suzukii was nearly zero: of the 125 tested wasps, only three 

(2.4%) were able to produce one offspring when exploiting D. suzukii. However, larva-to-

adult survival rate of D. suzukii was significantly reduced when exposed to parasitoids 

(GLMM, χ2 (1) =14.357, p<0.01): on average 65% ± 0.36SE of parasitoid-exposed D. 

suzukii flies emerged whereas 75% ±0.44 SE of flies emerged when not exposed to wasps. 

Wasps thus exhibited “non-reproductive host killing”.  

There was a significant positive correlation between wasp size and host killing rate 

(GLMM, β = 1.58, χ2 (1) =4.4054, p=0.04): larger wasps had a higher killing rate (Fig 3). 

Moreover, wasps that emerged from the high-quality hosts killed significantly more flies 
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compared to wasps that emerged from low quality hosts (Fig. 2B) (36.5% ±1.72 SE, 30.3% 

±2.56 SE resp., GLMM, χ2 (1) =3.922, p=0.04). Heat-shock treatment of maternal wasps 

had no effect on killing rate of their offspring (HS-C: 33.9% ±1.81 SE, HS:35.7% ±2.35 SE 

GLMM, χ2 (1) =0.347, p=0.56), and there was no interaction between heat-shock treatment 

and the quality of the developmental host (GLMM, χ2 (1) =2.908, p=0.13).  

Although the heat-shock treatment of F1 – F3 females did not affect the killing rate of the 

F4 offspring from the high-quality hosts, wasps from the low-quality hosts that received a 

heat-shock in the preceding generations tended to have a higher killing rate compared to 

those that did not (36.7% ± 6.78, 27.5% ± 2.06 resp.). Statistical interference was however 

impaired due to low sample size of the low-quality host treatment (n=11).  

 

4. Discussion  

In this study we examined the ability of the parasitoid wasp L. heterotoma to parasitize the 

non-native pest Drosophila suzukii. Previously we reported that although reproductive 

success is nearly zero when parasitizing D. suzukii, the fruit fly host does suffer from 

parasitoid attack, which resulted in significant reduced host survival rate (Kruitwagen et al., 

2021). We further found that non-reproductive host killing is highly variable among 

European L. heterotoma populations (Kruitwagen et al., 2021), and similar observations 

have been made for other host-parasitoid systems (Abram et al., 2016). Little is known, 

however, about which factors determine variation in non-reproductive host killing (Abram 

et al., 2019). The variation in observed non-reproductive host killing is in part genetically 

determined, but there is also considerable influence by non-additive genetic effects 

(Kruitwagen et al., 2021). Therefore, we here investigated the role of two biotic factors 

known to be relevant for the parasitoid parasitization performance: (1) the nutritional 

quality of the developmental host and (2) the endosymbiont Wolbachia.  

Figure 3 | Predicted probability 

(marginal effects) of killing rate (%) in 

relation to L. heterotoma size, as 

measured from tibia length. The grey 

area represents confidence interval 

predicted by the generalized linear 

mixed model. 



Chapter 4 | The role of the endosymbiont Wolbachia and developmental host on parasitization 

79 
 

We found the developmental host to be an important factor for parasitization performance. 

Specifically, host quality affected the survival rate of immature parasitoids as well as the 

size and host killing rate of the adult wasp. Moreover, host killing rate was positively 

correlated with wasp size: larger wasps exhibit larger host killing rate. Similar to previous 

studies (Chabert et al., 2012; Kacsoh & Schlenke, 2012; Miller, Anfora, Buffington, Daane, 

Dalton, Hoelmer, Rossi Stacconi, et al., 2015; Stacconi et al., 2015; Knoll et al., 2017; 

Ibouh et al., 2019; Rota-Stabelli et al., 2020; Kruitwagen et al., 2021), offspring survival in 

D. suzukii was nearly zero and was independent of wasp body size. Secondly, we 

hypothesized that heat-shock would cure Wolbachia infection and release them from 

induced physiological costs (Fleury et al., 2000; Fytrou, Schofield, Kraaijeveld, & 

Hubbard, 2006) increasing their ability to exploit D. suzukii. In contrast to our expectations, 

we found that when adult parasitoids infected with Wolbachia were exposed to two short 

periods of heat stress during three successive generations, this had no effect on Wolbachia 

presence nor on their ability to parasitize the pest.  

Developmental host  

Parasitoids developed on hosts in a poor nutritious environment were smaller and exhibited 

lower host-killing compared to wasps reared on hosts fed ad libitum. Indeed, the condition, 

species or state of the developmental host is often found to induce plastic changes in 

immature and adult parasitoids (Vinson & Iwantsch, 1980; Godfray, 1994; Li & Mills, 

2004; Colinet, Salin, Boivin, & Hance, 2005; Gao et al., 2016). In nutritious poor 

environments, hosts likely provide less resources for immature wasps to invest in growth 

and development resulting in smaller sized females. We here show that size also matters for 

L. heterotoma as larger wasps exhibited higher host killing rate of D. suzukii. Possibly, 

larger wasps are better able to handle the hosts during attack and/or have higher venom 

production. Note that we may not only change the body size by using low quality hosts, but 

also other physiological factors in the wasps, potentially influencing their parasitization 

ability. Dietary restriction might for example affect organ development and energy reserves 

which can consequently lead to different life-history strategies. Yet, reproductive success 

was nearly zero in D. suzukii, irrespective of size, indicating that the benefits yielding from 

high quality hosts was not sufficient to overcome host defences.  

Thermal sensitivity of Wolbachia infection  

Heat stress has shown to cure Wolbachia in a variety of species within the lethal threshold 

of its host, including spider mites (Van Opijnen & Breeuwer, 1999), filth fly parasitoids 

(Kyei-Poku, Floate, Benkel, & Goettel, 2003), booklice (Jia, Yang, Yang, & Wang, 2009) 

and mosquitoes (Wiwatanaratanabutr & Kittayapong, 2009; Ulrich et al., 2016). Such high 

temperatures can alter Wolbachia morphology (Zhukova, Voronin, & Kiseleva, 2008), 

deterring bacterial replication and density. In contrast, our results suggest that Wolbachia is 

tolerant to short periods of heat at 37°C in L. heterotoma. The influence of temperature 

treatment is influenced by the interaction between the endosymbiont, its host, the remaining 

microbiome and environmental conditions (Duron et al., 2008; Brinker et al., 2019). 

Previous studies have shown that Wolbachia thermal tolerance depends on Wolbachia 

strain (Ross et al., 2017), the host genotype (Mouton et al., 2007) and temperature regime 
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(Stevens, 1989). Moreover, heat stress might only have temporal effects on Wolbachia 

density: bacterial titer may quickly recover within one generation after its density is 

reduced due to heat (Ross et al., 2020). As such, it is possible that bacterial titer in the F3 

was reduced in our experiment, but that Wolbachia was not entirely removed and could 

therefore be restored in the F4 when they did not receive a heat-shock. It would require a 

qPCR to assess whether titer was reduced, as this is not possible with a diagnostic PCR. 

Hence, in our experiment, the exposure time to heat might have reduced the bacterial 

density, but not have been sufficient to eliminate the bacteria entirely, enabling the bacteria 

to replicate and recover quickly after the administered heat-shocks. Alternatively, we might 

have selected on heat-tolerant Wolbachia strains, as bacteria within the same host species 

can exhibit high genetic diversity (Duplouy, Couchoux, Hanski, & van Nouhuys, 2015; 

Russell & Cavanaugh, 2017). This diversity of Wolbachia strains also applies to L. 

heterotoma: three different Wolbachia types have been reported that can co-occur in the 

wasp (Vavre et al., 1999; Vavre et al., 2001; Mouton, Henri, Bouletreau, & Vavre, 2003).  

Heat-shock treatment x developmental conditions 

Interestingly, heat-shock treatment of maternal generations seems to increase the 

parasitoids’ host-killing rate when being reared on low quality hosts, but not the high-

quality hosts. Several factors could explain this result. Firstly, we might have selected for 

the fittest parasitoids. We lost a higher number of parasitoid lines after three generations of 

heat-shock treatment (
39

59
= 66%) compared to the control lines (

31

59
= 52%). The surviving 

lines of parasitoid wasp lines from the heat-shock treatment exhibited lower parasitization 

performance (i.e., ability to reproduce on D. melanogaster) and higher mortality rates 

compared to the heat-shock control group. However, after rearing the F3 on high and low-

quality hosts, we lost more wasp lines of the heat-shock control group (
14

28
= 50%) than of 

the heat-shock treatment (
5

20
= 25%). Secondly, heat-treatment might have activated stress-

regulating factors in the mothers and have transmitted to their offspring, which 

consequently exhibit higher host killing rates, for example through increasing their activity 

level. The effect of the heat-treatment might therefore be especially pronounced when 

reared on low-quality hosts as this is an extra stress factor; wasps reared on low quality 

hosts likely have limited/less resources available and/or are more stressed. Parasitoids 

reared on the high-quality hosts might therefore have showed similar parasitization 

performance independent of heat-shock treatment.  

Conclusions and implications 

Although Wolbachia is harmful to L. heterotoma (Fleury et al., 2000; Fytrou et al., 2006), 

their reproductive manipulation (cytoplasmatic incompatibility) enables the bacteria to 

spread through the parasitoid population (Mouton, Henri, Bouletreau, & Vavre, 2005). 

Moreover, based on the results of the present study, Wolbachia seems tolerant to short 

periods of heat stress in L. heterotoma, suggesting that their infection is resistant to high 

temperature. Hence, heat-shock treatment does not seem to be a useful tool to improve 

biocontrol efficiency of L. heterotoma. From an ecological perspective, heat tolerance 
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might, next to reproductive manipulation, be a factor contributing to their high infection 

rate in the field (Vavre et al., 1999; Vavre et al., 2000). Moreover, Wolbachia density can 

also be influenced through interaction with other microbes present in the host (Goto, 

Anbutsu, & Fukatsu, 2006) that can also be affected by the thermal environment 

(Moghadam et al., 2018). Hence, to understand and predict the endosymbiont-parasitoid 

interaction under ecological relevant climate conditions, further study is needed to 

investigate the effect of thermal environment on the Wolbachia - L. heterotoma interaction, 

including the interaction with the remainder of the microbiome (Brinker et al., 2019). Such 

knowledge of how the thermal environment shapes Wolbachia prevalence could also have 

important implications for biocontrol, by influencing Wolbachia mediated performance of 

the biocontrol agent (Floate, Kyei-Poku, & Coghlin, 2006; Ulrich et al., 2016). To 

understand the role of Wolbachia in parasitization success, an alternative method could be 

to use antibiotics. It has to be taken into account that usage of antibiotics however results 

not only in shift of Wolbachia density but of the total bacterial composition (Chaplinska, 

Gerritsma, Dini-Andreote, Falcao Salles, & Wertheim, 2016; Ourry et al., 2020; Zhang et 

al., 2020), whereas heat treatment is less aggressive for the host and disturbs fewer other 

microbes (Brinker P and Basu M., unpublished results). 

Our study demonstrates that manipulation of host nutrition provides a useful method to 

study the influence of (intra-specific variation in) host state on parasitoid fitness, and size-

fitness relationships in parasitoid wasps. This is relevant for breeding parasitoids for their 

release as biocontrol agents. In particular, our results are in agreement with a large body of 

literature underlining the importance of regulating the condition of the developmental host 

to secure the quality of parasitoids during (mass) rearing for their usage as biological 

control agents (e.g. Bigler, 1989; Dicke et al., 1989; López et al., 2009; Parra, 2009; 

Kishani Farahani, Ashouri, Zibaee, Abroon, & Alford, 2016). Moreover, from an ecological 

network perspective, such variation in host condition can also have community-wide 

consequences. This may arise for example via indirect competition mediated by a shared 

natural enemy (i.e. apparent competition) (Bonsall & Hassell, 1997; Bonsall & Hassell, 

2000). The parasitoid fitness effects induced by one host may have cascading effects on the 

population dynamics of another host species such as D. suzukii, by changing the strength of 

the host-parasitoid interaction (i.e. magnitude of host killing). This can then in turn 

influence the parasitoid population size and consequently the interaction of the former host 

population. Hence, gaining knowledge about what determines individual variation in 

parasitization will help understanding and predicting the evolutionary ecology of host-

parasitoid communities (Bolnick et al., 2011) and their ability to control insect pests. 
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Abstract 

Establishment and spread of invasive species can be facilitated by lack of natural enemies 

in the invaded area because they might be unable to exploit the invasive pest due to lack of 

co-evolutionary history. Host-range evolution of natural enemies augments their ability to 

reduce the impact of the invader and could enhance their value for biological control. We 

assessed the potential of the larval parasitoid, Leptopilina heterotoma, to exploit the 

invasive pest Drosophila suzukii. Although this relatively virulent parasitoid has been 

found to attack and kill the novel host, offspring generally fail to develop. Previously we 

demonstrated that this native European wasp exhibits significant heritable variation in non-

reproductive host killing. In this study, we tested whether killing rate could be improved by 

artificial selection. We performed seven generations of artificial selection by selecting 

wasps with the highest killing rate of D. suzukii. Contrary to what we expected, there was a 

small and inconsistent response to selection in the three selection lines. Realized heritability 

(ℎ𝑟
2) after four generations of selection was ℎ𝑟

2 = 0.17 but was near zero after seven 

generations of selection. Moreover, a large and consistent positive correlative response was 

observed with attack rate. We argue that the genetic response might have been masked by 

an increased D. suzukii fitness due to its adaptation to laboratory conditions. Our study 

reveals that different steps of the parasitization process need to be considered in the 

evolution of host-range. It is a proof of principle of how evolutionary principles can be 

applied to optimize performance of native species for biological control.  

Key-words: biological control agents, evolution, genetic improvement, host specificity, 

host-parasitoid interactions, invasive species, parasitoid, pest control, selective breeding, 

virulence 
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1. Introduction  

Release from natural enemies can facilitate the invasion of exotic species (Maron & Vilà, 

2001; Keane & Crawley, 2002; Colautti et al., 2004). Invasive species can have large 

detrimental ecological and socio-economic consequences, including harmful effects on 

agricultural practices (Pejchar & Mooney, 2009; Paini et al., 2016). Escape from natural 

enemies can arise due to the inability of native predators and parasite species to localize or 

successfully exploit the invader. For example, native species may not recognize the habitat 

and/or species-specific cues associated with the invader (DiTommaso & Losey, 2003; Roy, 

Handley, Schönrogge, Poland, & Purse, 2011). Also, even if native enemies attack a novel 

species, they may have no or limited impact on the invader. This can occur when the 

invasive species evolved defence strategies in response to enemies in its area of origin, 

whereas natural enemies in the invaded area lack a shared evolutionary history impeding 

the enemy’s fitness (Gandhi & Herms, 2010; Desurmont, Donoghue, Clement, & Agrawal, 

2011). The invader can then act as an evolutionary trap, when the preference of a natural 

enemy for a prey species is disconnected from its performance (Schlaepfer et al., 2002; 

Schlaepfer et al., 2005; Robertson, Rehage, & Sih, 2013)  

Although the immediate performance of native enemies may be inefficient, when genetic 

variation exists in their ability to exploit the exotic species, evolution might occur towards 

higher exploitation efficiency (Carlsson et al., 2009). In particular when the invasive (host) 

species significantly reduces survival and reproduction ability of the native enemy species, 

it can exert a selection pressure on native enemy species’ traits resulting in either avoidance 

of the invader or improved detection and exploitation. Although several examples have 

been documented indicating that evolutionary change can occur even in relative short time 

(Ashley et al., 2003; Phillips & Shine, 2004; Carroll et al., 2005; Strauss et al., 2006), the 

frequency of this host-range evolution and its consequences for both the invader and native 

species are not clear (Strauss et al., 2006; Carlsson et al., 2009). This is, however, important 

as knowledge of the evolutionary potential of natural enemies in the invasion area aids pest-

management programs to mitigate biological invasions and to design strategies for 

augmentative biological control using already present - native - species (Carroll, 2011; 

Stotz, Gianoli, & Cahill, 2016; Kruitwagen et al., 2018). 

A modern strategy in biological pest management is to speed up and direct the evolution of 

native natural enemies by exploitation of existing intra-specific variation (Lommen et al., 

2017; Kruitwagen et al., 2018). Biocontrol agents can be selected and bred with the desired 

characteristic(s) and then released in the target area (Hoy, 1986; Wajnberg, 2004a; 

Lommen et al., 2017; Kruitwagen et al., 2018). This method has several advantages 

compared to traditional biocontrol in particular when releasing exotic biocontrol agents: it 

mitigates biodiversity risks, reduces non-target effects (De Clercq, Mason, & Babendreier, 

2011) and is not hampered by the Nagoya protocol that impedes the import of exotic natural 

enemies from the pests’ area of origin (Cock et al., 2010; De Clercq et al., 2011; van 

Lenteren, 2012; Hajek et al., 2016).  
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We studied the evolutionary potential of the native parasitoid, Leptopilina heterotoma, to 

control the invasive pest species, Drosophila suzukii. This fruit fly invaded and has been 

spreading through Europe and North America since 2008 (Hauser, 2011; Calabria et al., 

2012; Fraimout et al., 2017) and has large economic impact on soft fruit production (De 

Ros et al., 2015; Farnsworth et al., 2017). Most of the investigated native parasitoid species 

have no or limited impact on the invader because D. suzukii has a strong immune response 

against parasitoids (Kacsoh & Schlenke, 2012; Poyet et al., 2013; Iacovone et al., 2018). It 

also partly inhabits a different niche compared to their native Drosophila hosts in the 

invaded area (Atallah et al., 2014; Keesey, Knaden, & Hansson, 2015; Karageorgi et al., 

2017), which might impair host finding. The relatively highly virulent larval parasitoid L. 

heterotoma has been found to attack D. suzukii, but most investigated populations are not 

able to complete development on this novel host (Chabert et al., 2012; Poyet et al., 2013; 

Mazzetto et al., 2016; Knoll et al., 2017; Kruitwagen et al., 2021). This indicates a 

mismatch in host selection behaviour and reproductive performance, and may impede 

biological control and host-range evolution under natural conditions.  

The outcome of parasitization is determined by the progression of stepwise events 

separated in space and time to pass through different host-defences (Vinson & Iwantsch, 

1980; Gross, 1993; Fleury et al., 2009). Parasitization can be divided in host localization, 

host acceptance, egg laying, and immature development and survival (Kruitwagen et al., 

2021). Although L. heterotoma is generally unable to reproduce on D. suzukii, it can evade 

some of its defence barriers. It is reported to find the host larvae in the field (Miller, 

Anfora, Buffington, Daane, Dalton, Hoelmer, Stacconi, et al., 2015) and attempt to exploit 

them by ovipositor insertion (personal observations) and egg laying (Kacsoh & Schlenke, 

2012; Poyet et al., 2013; Stacconi et al., 2015; Iacovone et al., 2018). Interestingly, these 

behaviours can result in non-reproductive host killing (Chabert et al., 2012; Kacsoh & 

Schlenke, 2012; Mazzetto et al., 2016; Stacconi et al., 2017; Iacovone et al., 2018; 

Kruitwagen et al., 2021). This may arise as a result of immune defence costs 

(encapsulation) of the host (Strand & Pech, 1995; Kraaijeveld, Ferrari, & Godfray, 2002), 

failure of immature parasitoids to fully develop and emerge ("aborted parasitism" sensu 

Abram et al. (2019)), mechanical damage due to ovipositor insertion (Samson-Boshuizen et 

al., 1973), and/or host’ exhaustion of counteracting defences against substances (e.g., 

venom) injected by the wasp (Rizki & Rizki, 1990; Asgari & Rivers, 2011; Kohyama & 

Kimura, 2015). Hence, consideration of the stepwise parasitization dynamics may elicit 

new insights in the formation of host-parasite relationships and their evolutionary potential 

to exploit novel hosts (Agrawal & Lively, 2003; Elena & Lenski, 2003; Duneau, Luijckx, 

Ben-Ami, Laforsch, & Ebert, 2011; Hall, Bento, & Ebert, 2017; Kaser et al., 2018).  

Traits underlying non-reproductive host mortality in parasitoid systems can in part be 

genetically determined and therefore be subject to evolutionary change (Henter, 1995; 

Kraaijeveld, Hutcheson, Limentani, & Godfray, 2001; Henry et al., 2008; Henry et al., 

2010; Colinet et al., 2013; Cavigliasso et al., 2019; Mathe-Hubert et al., 2019). However, 

whereas most research focusses on the main outcome of host-parasitoid interactions, i.e. 

reproductive success, little is known about consequences of the previous steps, such as 

host-killing, for population control and evolution of host-parasitoid interactions (Abram et 
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al., 2019). Presence of genetic variation in both reproductive and non-reproductive traits 

could be exploited for artificial selection to improve biological control efficacy 

(Kruitwagen et al., 2018). Also, non-reproductive effects might drive adaptive processes 

(e.g., formation of novel biotic interactions) when traits that determine host-killing are 

positively correlated with reproductive success. Alternatively, a negative relationship would 

constrain adaptation and might endanger population persistence and/or promote selection 

for host-range conservation.  

In this study, we investigate the potential of the native parasitoid L. heterotoma to adapt to 

the novel highly resistant host D. suzukii. Our previous study (this thesis Chapter 3) 

revealed significant heritable variation in attacking and killing the novel host in a European 

outbred population. Here, we test the hypothesis that artificial selection can increase non-

reproductive effects. We also investigate correlated responses of other steps in the 

parasitization behaviour, such as attack rate and reproductive success. Finally, we test 

whether wasp offspring that successfully developed on D. suzukii have increased 

reproductive success on D. suzukii in subsequent generations.  

2. Material and methods 

Parasitoid and Drosophila lines 

A genetically diverse strain of the parasitoid Leptopilina heterotoma was established from 

crossing individuals of seven European populations (two populations from Spain, two from 

the Netherlands and three from France) (this thesis Chapter 3). It was maintained on a 

relatively low-resistant Drosophila melanogaster host strain (WW) at 25°C, under a light-

dark regime of 16:8. These flies were derived from wild flies collected near Leiden, the 

Netherlands, received in 2009, and kept as mass cultures at 20°C in quarter pint bottles 

containing 30 ml medium (agar (17g/L), yeast (26g/L), sugar (54g/L) and nipagine (16,7 

ml/L)). For artificial selection a D. suzukii was used collected from Westland, the 

Netherlands in 2016.  It was reared in quarter pint bottles containing 30 ml cornmeal diet 

(agar (10 g/L), glucose (30 g/L), sucrose (15 g/L), heat-inactivated yeast (35 g/L), cornmeal 

(15 g/L), wheat germ (10 g/L), soya flour (10 g/L), molasses (30 g/L), propionic acid (5 

mL/L), and Tegosept (2 g/L)).  

Standardized parasitization performance measurements 

Individual parasitization performances were measured following a standardized 

parasitization performance test described in Chapter 3. In short, each female was placed in 

a vial with 25 D. suzukii larvae for four hours to parasitize. The number of emerging D. 

suzukii flies that survived wasp exposure and the number of wasp offspring were counted. 

Moreover, flies that emerged were inspected under the microscope for presence of at least 

one encapsulated parasitoid egg to quantify the number of hosts that had been parasitized 

but successfully mounted an immune response (encapsulation). Control vials were 

maintained on each testing day to measure host survival in absence of a parasitoid. Each 

wasps’ killing rate was then quantified as the percentage of flies killed in excess to the 
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mortality of non-exposed flies. The attack rate was the percentage of flies that were 

parasitized, as estimated from the excess mortality in the larvae due to wasp exposure and 

the number of flies that were attacked but survived (i.e., flies that successfully mounted an 

immune response (encapsulation). Encapsulation of wasp eggs by the host was quantified 

by squashing the flies between two object glasses and inspection under the microscope for 

presence of a melanized egg. As measure of reproductive success, the successful parasitism 

was calculated as the proportion of flies killed that yielded wasp offspring.  

Artificial selection for killing rate  

Wasps from the genetically diverse population (P) were randomly divided over six lines: 

three selection (S) and three control lines (C), each consisting of 100 males and 100 

females. Due to the time-intensive nature of setting up each generation and the artificial 

selection procedure, this was the largest possible population size that allowed for imposing 

a selection regime while minimizing influences of inbreeding, genetic drift and rapid 

depletion of genetic diversity (Weber & Diggins, 1990; Fry, 2003). Control lines were kept 

to investigate whether any change over time was due to other causes rather than response to 

selection on killing. The three replicate selection lines were set up to distinguish selection 

from drift, as consistent changes in the same direction applied across all replicate lines 

relative to the unselected control lines is unlikely to be due to drift, as drift acts in a random 

manner. Moreover, we estimated the realized heritability (ℎ𝑟
2), the response to selection as 

proportional to the amount of selection applied, to quantify the degree of phenotypic 

change due to selection (see below) (Falconer & Mackay, 1996; Lynch & Walsh, 1998). 

Each line was selected for seven successive generations (F1 – F7).  

Each generation, phenotypic variation was quantified within each replicate line after which 

the best performing individuals were selected and cultured. Killing rate was measured of 

each individual female following the standardized performance test, and the 50 (out of 100) 

females with the highest trait value were chosen to contribute to the next generation. 

Besides selection for killing rate, attack rate and reproductive success were measured to 

investigate potential correlated response to selection. Due to logistics, individuals from 

each line were tested over a period of 2-5 days. Selection of 50% of the individuals was 

chosen to reduce inbreeding, genetic drift and chance of rapid depletion of genetic 

diversity. In particular, as host killing is a trait potentially controlled by many genes, strong 

selection of a small proportion could increase the chance of losing beneficial alleles and 

thus deplete genetic diversity and reduce response to selection.  

Parasitization of D. suzukii during the performance tests rarely yielded wasp offspring. 

Therefore, the highest performing mothers were placed individually in vials on the low 

resistant host, D. melanogaster, to generate the next generation. Offspring were collected 

by taking eight random parasitoid pupae from each of the mothers just before emergence, 

and these were then divided over two agar bottles (one served as back-up). This allowed the 

offspring to mate among each other and thus reduced chances of sib-mating. Offspring 

were kept in the agar bottles at 20°C until the performance of 100 randomly chosen females 

was measured and compared again (hence each line always remained at the constant size of 

100 females). The same protocol was followed for the control lines except that each 
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generation 50 random females were chosen to contribute to the next generation. Moreover, 

as phenotypic evaluations are labour intensive, killing performance of control lines could 

only be tested and compared to the selection lines within generations 5 and 7 of artificial 

selection.  

Repeated selection on reproductive success  

During artificial selection on killing rate, parasitoids were occasionally able to successfully 

reproduce on D. suzukii. To test whether offspring that emerged from D. suzukii differed in 

D. suzukii exploitation performances and whether this could increase offspring 

developmental success, a separate selection line was created from D. suzukii reproducers 

(R1) alongside the three artificial selection and control lines, and subjected to selection for 

reproductive success. Offspring that emerged during each generation of the selective 

breeding on killing rate were added to the R1 and used as starting material for selection on 

reproductive success. Females of the R1 were tested following the standardized 

performance test, and offspring that emerged from D. suzukii were selected and used to set 

up a new selection line (R2). Females of the R2 line were then again tested and offspring 

that emerged from D. suzukii were collected and used to set up a third line, R3. Note that 

the R1 wasps were bred alongside the selection on killing rate and after each round of 

selection (P-F7) on killing rate new genetic material was added to the R1 and allowed to 

mate D. suzukii reproducers. We therefore decided to test and select the R1 on reproductive 

success each generation after new parasitoids were added to the line, resulting in a repeated 

selection process of the same line but each time with the novel added genotypes. The R1 

was subjected to eight selection rounds. Similarly, the R2 was bred simultaneously with the 

R1, and was also repeatedly tested and selected as new genetic material was added to the 

population from the R1 (in total 8 times selected). To test whether the line selected for 

repeated reproductive success on D. suzukii, R3, differed in killing rate and reproductive 

success, the R3 line was tested and compared to the base population (P) which was used as 

starting point of selection and the selection line that best responded to selection on host-

killing (S2), following the individual exploitation performance test. 

Statistical analysis 

Fly survival and parasitization performance indices were analysed with generalized mixed 

models for binomial data by specifying a two-column matrix with the number of 

“successes” and “failures” using the lme4 package (Bates et al., 2014). The response to 

selection was analysed by fitting fly survival as dependent variable and treatment (wasp 

presence/absence), generation (as continuous) and their interaction as fixed factors, and 

date and line as random factors. Parasitization performances between wasp lines were 

compared by correcting for day-to-day variation in fly survival. To this end, performances 

were standardized with the average fly survival of the control flies that were not exposed to 

wasps on the same testing day. We tested for overdispersion by comparing the sum of 

squared Pearson residuals to the residual degrees of freedom following Bolker et al. 

(http://bbolker.github.io/mixedmodels-misc/glmmFAQ.html#overdispersion). When 

overdispersion was detected (α = 0.05), observation level random effect was added by 

giving each data point a random effect with a unique level (Harrison, 2015). Significance of 

http://bbolker.github.io/mixedmodels-misc/glmmFAQ.html#overdispersion
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main effects was tested by comparing the full model to the model without the fixed effect 

by ANOVA. Post-hoc comparison of means was performed with Tukey tests, using the 

emmeans package (Lenth, 2020). 

Realized heritability during artificial selection 

The response to selection also provides an estimate of realized heritability (ℎ𝑟
2) of killing 

rate, which can be estimated as the slope from the linear regression of the cumulative 

response to selection over the cumulative selection differential forced to the origin 

(Falconer & Mackay, 1996). For each replicate line, we calculated the response to selection 

(R) as the mean offspring value minus the mean of the total parental population, and the 

selection differential (S) as the mean of the selected parents minus the mean of the total 

parental population. Phenotypic values were calculated as the percentage of flies killed 

standardized for the average fly survival of flies not exposed to wasps.  

3. Results 

Response to selection: killing rate 

Fly survival in absence and presence of wasps was variable within and between 

generations, but overall fly survival was significantly reduced when exposed to parasitoids 

(Fig. 1a) (GLMM, β = -0.71, χ2 (1) =122.38, p<0.01). The average D. suzukii survival in 

absence of parasitoids was relatively constant during the first two generations, but increased 

from the F2 onwards. The average survival rate in the F7 in the absence of wasps was 30% 

higher compared to the F2. This trend was supported by observed changes in fly rearing 

quality: i.e. increased fecundity and survival. The percentage of flies that parasitoids were 

able to kill initially ranged from 0 to 69.3% with an average of 24.0% ± 0.96SE (Fig. 1b). 

During the first four generations of selection, the average killing rate increased to 36.1% ± 

1.27 SE (ranging from 0 to 100%) and the percentage of individuals that killed > 40% flies 

increased from 17% to 43%. During the last three generations average killing performance 

and the number of wasps with killing performance of >40% decreased however to 20.7% ± 

0.8SE and 10% respectively (F7). The increased fly survival and the decrease in killing 

performance after the F4 generation suggests that fly host fitness increased over time. This 

hampers comparison of between generation performances of the wasps, as the trait value of 

killing performance is partly influenced by the fitness of the host.  

The response to selection was therefore investigated by comparing the slope between fly 

survival and generation in presence and absence of parasitoids (Fig. 1). GLMM analysis 

indicated that the temporal trend in fly survival was best predicted by fitting ‘generation’ as 

quadratic variable (linear vs. quadratic: χ2 =5.00, p<0.01). The estimates of the regression 

lines confirmed that parasitoids significantly reduced fly survival (β = -0.68, SE=0.04, 

p<0.01), and fly survival (as quadratic term) increased over generations independent of 
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treatment (β = 0.01, SE=0.002, p<0.01). There was however also a significant interaction 

between treatment (wasp presence/absence) and generation (GLMM, change in slope in 

presence versus absence of wasps, β = -0.004, SE=0.001, χ2 (1) =11.53, p<0.01), which 

reflects that fly survival in absence of wasps increased relatively more than in the presence 

of selected wasps. In other words, the proportion of flies killed increased slightly despite 

the improved survival rate of the host, and thus confirms an effect of selection.  

Selected vs unselected lines: After five generations of selection, wasps from the Selection 

lines killed significantly more flies compared to those from Control lines (Fig. 2a) (GLMM 

χ2 (1) =4.08, p=0.04). Analysis of each replicate line separately revealed that selected wasps 

Figure 1 | Response to artificial selection of L. heterotoma for increased killing rate. Survival of D. suzukii (A): 

red violin plots (on the right) depict host survival when exposed to wasps of the three selection lines combined 

(n=300), and blue violin plots (on the left) depict survival of non-exposed flies (n=112-171). Horizontal lines 

represent median host survival and inner vertical lines the interquartile range. (B) The difference in mortality 

between exposed (red) and non-exposed (blue) flies. Average killing rate was calculated as the percentage of flies 

killed, adjusted for mortality in non-exposed fly, of the three selection lines combined (dark blue, strait line), and 

of each selection line separately (light blue dotted line, n=100). Error bars represent standard deviations of the 

mean. 



Chapter 5 | Artificial selection for non-reproductive host killing 

92 
 

of two replicate lines (S2 and S3) had a higher killing rate (GLMM line2: χ2 (1) =6.21, 

p=0.01; line3: χ2 (1) =5.52, p=0.02) and the other replicate (S1) performed similarly to its 

unselected control line (Fig. 2b) (GLMM, χ2 (1) =1.29, p=0.25). Similarly, after two more 

rounds of selection (F7), selected wasps killed significantly more flies compared to 

unselected wasps (Fig. 2c) GLMM χ2 (1) =5.57, p=0.02). Analysis of each replicate line 

separately demonstrated that selected wasps of two lines (S1, S2) (almost) significantly 

reduced D. suzukii survival relative to their unselected controls (GLMM line1: χ2 (1) =4.89, 

p=0.03; line2: χ2 (1) =3.7, p=0.054), but one line (S3) did not differ in killing performance 

(Fig. 2d) (GLMM, χ2 (1) =0.004, p=0.95). Yet, whereas selected and control wasps in the 

F5 generation had maximum trait values up to 100%, the highest killing rate in generation 

F7 was 63%, and the average killing rate had decreased with 2%. Taken together, selected 

wasps had increased killing rate compared to non-selected individuals, but the differences 

were relatively small. The decrease in host killing ability is in line with our observed 

increased host fitness, which reduced the response to selection. Unfortunately, due to 

logistic constraints, we were only able to measure and compare the unselected control wasp 

lines at generation 5 and 7.  

 

Figure 2 | Killing rate of selected and unselected L. heterotoma wasps after five (A, B) and seven (C, D) 

generations of artificial selection, of the three replicate lines combined (n=300) (A,C) and of each replicate line 

separately (n=100) (B,D). Killing rate was calculated as the percentage of flies killed, adjusted for non-exposed fly 

mortality. Horizontal lines represent median killing rate and inner thick vertical line the interquartile range. 

Statistical differences by Tukey’s post hoc test. 
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Realized heritability 

Realized heritability (ℎ𝑟
2) estimates (i.e. the response to selection as proportion of the 

amount of selection applied) fluctuated from zero to 0.310 between generations during the 

artificial selection experiment, but was not significantly different from zero after seven 

generations (p>0.05) (Fig. 3, Table 1). The average heritability was largest over the interval 

from P to F4, ℎ𝑟
2 = 0.167, and differed significantly from zero (p=0.01) (Fig. 3, Table 1). 

Replicate lines also differed in response, the heritability estimate did significantly differ 

from zero for replicate line 3 after three generations of selection (ℎ𝑟
2 = 0.31, p<0.05), but 

not for the other replicates for any interval.  

  

Figure 3 | Realized heritability (ℎ2) of killing rate in artificial selection experiment of L. heterotoma. Cumulative 

response to selection (R) is plotted as function of the cumulative selection differential (S) for each replicate 

selected on increased killing rate for seven generations (dashed lines). The average realized heritability (ℎ2) was 

calculated as the slope of the linear regression between R and S until generation four and seven (straight lines). 

The grey area represents the cumulative response to selection until generation 4. 
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Table 1 | Realized heritability estimates (ℎ𝑟
2) for killing rate calculated as the slope of the linear regression 

between cumulative selection differential and response to selection over different generation intervals. Asterisk 

indicates whether the slope of the regression significantly differed from zero (p<0.05), and bold indicate the 

highest heritability values of each replicate line.  

 Realized 

heritability  

(std. error) 

F-statistic adj. R2 p- value 

Average 

P-F3 0.143 (0.081) F1,8= 3.21 0.1973 0.111 

P-F4 0.167 (0.053) * F1,11= 9.69 0.420 0.010 

P-F5 0.033 (0.052) F1,14= 0.40 -0.041 0.536 

P-F6 0.017 (0.036) F1,17= 0.45 -0.046 0.648 

P-F7 -0.001 (0.027) F1,20= 0.001 -0.050 0.961 

Replicate 1 

P-F3 -0.036 (0.036) F1,2= 0.96 -0.012 0.430 

P-F4 0.074 (0.053) F1,3= 1.89 0.182 0.263 

P-F5 0.013 (0.045) F1,4= 0.09 -0.223 0.782 

P-F6 -0.007 (0.032) F1,5= 0.05 -0.189 0.838 

P-F7 -0.014 (0.023) F1,6= 0.36 -0.101 0.572 

Replicate 2 

P-F3 0.077 (0.196) F1,2= 0.15 -0.393 0.734 

P-F4 0.246 (0.137) F1,3= 3.20 0.354 0.172 

P-F5 0.015 (0.144) F1,4= 0.01 -0.246 0.921 

P-F6 0.015 (0.096) F1,5= 0.02 -0.193 0.879 

P-F7 -0.005 (0.071) F1,6= 0.01 -0.165 0.941 

Replicate 3 

P-F3 0.310 (0.059) * F1,2= 27.30 0.897 0.035 

P-F4 0.162 (0.073) F1,3= 4.86 0.491 0.115 

P-F5 0.060 (0.071) F1,4= 0.71 -0.062 0.447 

P-F6 0.035 (0.052) F1,5= 0.45 -0.102 0.534 

P-F7 0.011 (0.041) F1,6= 0.08 -0.151 0.790 

 

Correlated responses to selection  

Attack rate 

Attack rate (i.e. the percentage of flies killed plus flies that survived but with encapsulated 

wasp egg) was calculated from a random sample (n=30) of each replicate line at the start of 

selection (P) and in generations F4, F5 and F7. Wasps successfully attacked 64.5% ± 1.47 

SE flies (all data combined), and 37.0% ± 1.50 SE of the attacked flies were killed (i.e. 

lethal attack rate). There was a near significant systematic increase in attack rate over time 

(Fig. 4a) (GLMM, β= 0.06, SE=0.035, χ2 (1) =3.68, p=0.051) and generation had a 

significant effect when taken as categorial variable (GLMM, χ2 (3) =17.20, p<0.001). The 

percentage of attacked flies was highest in the F4 generation compared to unselected wasps 

at the start (P) and the F5 and F7 generations (Tukey’s test, p<0.001). Generation did not 

have a significant effect on the proportion of attacked flies that were killed when taken as 
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continuous explanatory variable (GLMM, χ2 (1) =2.94, p=0.09) nor as categorical variable 

(GLMM, χ2 (3) =6.59, p=0.09). 

There was no difference in attack rate between selected and unselected wasps in the F5 

generation (Fig. 5a) (GLMM, χ2 (1) =1.57, p=0.21), neither in lethal attack rate (Control 

lines: 30.0% ± 30.2 SE, Selection lines:30.6% ±27.8, GLMM, χ2 (1) =1.07, p=0.30). 

However, after seven generations of selection (F7), selected wasps had a significantly 

higher attack rate (GLMM, χ2 (1) =12.41, p<0.001), though the proportion of killed flies 

was again similar (Control lines: 34.7% ± 29.5 SE, Selection lines:29.6% ±21.6 SE, 

GLMM, χ2 (1) =0.29, p=0.59). Selection on killing performance thus seemed to have 

resulted in an increased attack rate, but wasps did not become more efficient in host killing 

as there was no clear effect on lethal attack rate. Note, however, that attack efficiency could 

also be confounded by the increased host fitness over the course of the experiment. 

Reproductive success 

Taking all generations into account, 13% (273/2381) of the wasps produced at least one 

offspring in D. suzukii. The majority, 82.8%, produced one offspring (n=226) in a batch of 

25 larvae, and only 12% produced two (n=34), 4% three (n=10), 0.7% four (n=2) and one 

Figure 4 | Correlated responses to selection for killing rate in L. heterotoma: (A) attack rate and (B) successful 

parasitism averaged over the three selection lines (dark blue), and of each selection separately (light blue dots). 

The average attack rate was calculated as the percentage of flies killed plus flies that survived but with 

encapsulated wasp egg. Successful parasitism was calculated as the percentage of killed flies that yielded 

offspring. Error bars represents standard errors of the mean. Note that sample size of the attack rate in the F4 was 

reduced (n=60), as collected flies from one selection line were lost. 
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female produced five offspring. We tested whether killing rate was related to reproductive 

success, i.e. whether those wasps able to reproduce had a higher killing activity compared 

to those that were not able to reproduce. Killing rate was compared between individuals 

that killed at least one host that resulted in one parasitoid offspring (n=266), to those that 

also killed at least one host (killing rate >0), but did not reproduce (n=1652). This revealed 

no difference in killing performance between wasps that were able to reproduce and those 

that were not (32.8% ± 1.19 SE, 31.2% ± 0.48 SE respectively, GLMM, χ2 (1) =0.583, 

p=0.45).  

Successful parasitism (i.e. the percentage of killed flies that yielded wasp offspring) 

differed between generations (Fig. 4b) (GLMM, χ2 (7) =26.06, p<0.001): it was highest in 

the F3 and F4 generations compared to first generations P-F2 and last generations F5- F7. 

Reproductive success in the first two generations (P-F2) and last two generations (F5-F7) 

was quite similar. This could correspond with the unfit host conditions during the first 

generations thereby decreasing their “quality” to support offspring survival, and the 

increased host fitness and thereby immune resistance in the latter generations. Comparison 

of selected and unselected wasps demonstrated that unselected wasps had a larger 

reproductive success in the F5 generation. There were slightly more individuals able to 

reproduce (Control lines: 13.1%, Selection lines: 8.3%, GLMM, χ2 (1) =3.64, p=0.056), and 

unselected wasps had a significant higher successful parasitism rate (6.3%) compared to 

selected ones (3.1%) (Fig. 5b) (GLMM, χ2 (1) =4.85, p=0.03). After seven generations of 

selection the number of wasps that successfully reproduced did not differ between selected 

(10.9%) and unselected wasps (9.1%) (GLMM, χ2 (1) =0.52, p=0.47). Also, successful 

parasitism did not differ between selected and unselected wasp lines (C: 2.9%, S: 3.0%, 

GLMM, χ2 (1) =0.012, p=0.91). Mechanisms of increased host killing ability thus do not 

seem to increase the probability of offspring survival. In addition, reproductive success 

seems largely determined by host fitness as indicated by significant differences between 

generations in relation to fly fitness. 

Repeated selection on reproductive success 

Over the course of the eight generations (P-F7) of selective breeding for host-killing, wasp 

offspring that emerged from D. suzukii were collected and used to set up a new line 

(Reproducers, or R1). In total 102 females were collected that successfully emerged from 

D. suzukii during the course of the experiment. The performance tests of R1 females on D. 

suzukii resulted in 41 female offspring (R2). Selection of the second generation of 

successful reproducers resulted in 11 females that emerged from D. suzukii (R3). 

Parasitization performances of the third generation of reproducers (R3) were compared to 

the genetically diverse stock population (P), replicate 2 of the selection on killing (S2) - as 

this line showed the largest and most consistent response to selection - and its control line 

(C2) (n=25). Overall, parasitoids reduced fly survival (GLMM, β = -0.84, χ2 (1) =10.68, 

p<0.001), but parasitoids with a history of developing on D. suzukii did not have higher 

killing rate (GLMM, χ2 (3) =6.65, p=0.08). In fact, the R3 and the unselected wasp line (C2) 

killed slightly fewer flies compared to the wasp line selected for host killing (S2) and the 

diverse stock population (P) (R3: 16.7% ± 3.48 SE, C2: 15.4% ± 2.55 SE, S2: 22.9% ± 2.57 
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SE, P: 21.9% ± 2.53 SE). None of the wasps were able to reproduce on D. suzukii. Hence 

wasps selected on host killing and reproductive success did not differ in reproductive 

success on D. suzukii. 

 

Figure 5 | Correlated response to selection for killing rate in L. heterotoma. Attack rate (A) and Reproductive 

success (B) of selected and unselected wasps after five (F5) and seven (F7) generations of selection on killing 

performance. Attack rate was calculated as the percentage of flies killed, corrected for mortality in non-exposed 

flies, plus those that were parasitized but survived as measured from encapsulated parasitoid eggs (n=90). 

Reproductive success was calculated as the percentage of killed flies that yielded offspring (n=300). Horizontal 

lines represent median killing performance and inner thick vertical line the interquartile range. 

4. Discussion  

We investigated whether the invasive pest D. suzukii can become a novel host for the native 

parasitoid L. heterotoma by focussing on three sequential steps of the parasitization 

process: (1) attack rate (2) host killing and (3) successful offspring development 

(reproductive success). Previously we showed that L. heterotoma exhibits significant 

heritable variation in attack rate (ℎ2 = 0.44) and host killing (ℎ2 = 0.28), but not in 

offspring survival (ℎ2 = 0.0) (this thesis Chapter 3). However, contrary to our 

expectations, the response to selection after seven generations of directional selection on 

increased killing rate relative to the amount of selection applied, i.e. the realized heritability 

(ℎ𝑟
2), was zero. Moreover, selection yielded increased killing rate in selected wasps 

compared to non-selected individuals at generation five and seven, but the differences were 

relatively small (2 to 8%) and were inconsistent among replicates, indicating that these 

differences could be due to either selection or drift. Yet, realized heritability after the first 

four generations was significant, ℎ𝑟
2 = 0.17, and similar to our previous heritability estimate 

in half-sib analysis (this thesis Chapter 3). Additionally, we did find a consistent and strong 

correlative response in the attack rate (15% improvement relative to control lines). The 
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decline in response to selection is in line with our observed increase in D. suzukii fitness, 

which might have reduced the response to selection. Selection did not improve reproductive 

success and parasitoid offspring that emerged from D. suzukii did not exhibit enhanced 

killing and reproduction, suggesting that the ability to overcome host defences did not 

directly affect the success rate at the intermediate steps in the parasitization process.  

Factors that reduce response to selection 

The increase in host-killing rate in response to artificial selection was minor. Several 

factors could have reduced the magnitude of response to selection. An important factor is 

variation in phenotypic traits of the host: the likelihood of being found and surviving 

parasitoid attack (Kruitwagen et al., 2018). Given that over the course of the selection 

experiment (one year) D. suzukii survival increased with 30% and the stock population had 

only been established several months before initiation of the experiment, laboratory 

adaptation in the host strain seems to have occurred. Following the resource allocation 

theory, resources invested in life history traits such as growth and reproduction can come at 

the expense of other energetic costly traits, like the maintenance and deployment of 

immune defences (Rauw, 2012; Schwenke, Lazzaro, & Wolfner, 2016). These life-history 

trade-offs can become more pronounced under environmental stress, such as food limitation 

and desiccation (Moret & Schmid-Hempel, 2000; Hoang, 2001). Hence, when the D. 

suzukii stock population became more adapted to the laboratory, more resources might have 

become available to allocate to immunity, making the flies more resistant to parasitoid 

attack. The low improvement in killing performance after seven generations of selection 

could then be explained by the relative faster evolution of the hosts compared to the 

parasitoids’ killing rate. This slowed down the response to selection, albeit it was still 

detectable, and even decreased the wasps’ ability to kill the flies despite evolution of killing 

rate. Alternatively, D. suzukii might have evolved specific counter defences to L. 

heterotoma over the course of the experiment. However, flies that survived parasitoid 

attack were never placed back in the stock population, making evolution of resistance to 

parasitoid attack highly unlikely. 

Besides the increased D. suzukii host fitness, several other genetic and environmental 

factors could have contributed to the low response to selection. Firstly, being a complex 

behavioural trait, killing performance likely depends on many genes. For example, virus-

like particles (Poirié, Carton, & Dubuffet, 2009; Cavigliasso et al., 2019; Mathe-Hubert et 

al., 2019), ovipositor morphology (van Lenteren, Isidoro, & Bin, 1998) and neuro-sensory 

characteristics (van Lenteren et al., 2007; Ruschioni, van Lenteren, Smid, & van Lenteren, 

2015) have been shown to be important for parasitization in L. heterotoma and might be 

subject to evolutionary change. Therefore, it would take multiple generations to establish a 

shift in allele frequencies (Falconer & Mackay, 1996). Secondly, evolutionary change 

might have been limited due to a decrease in additive genetic variance and/or loss of alleles 

due to genetic drift over successive generations of selection. However, this is assumed to 

become more pronounced in long term selection experiments and under strong selection or 

bottlenecks (Falconer & Mackay, 1996; Barton & Partridge, 2000; Careau, Wolak, Carter, 

& Garland Jr, 2013). Thirdly, our estimate of heritability of killing rate in the base 
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population was ℎ2 = 0.28 (this thesis Chapter 3), meaning that phenotypic variance is also 

influenced for a substantial part by non-additive genetic variation, reducing the potential for 

selection. Similarly, Henter (1995), estimated that variation in successful parasitism rate 

was attributed for 57% to environmental effects in the aphid parasitoid Aphidius ervi. Natal 

host quality (D. melanogaster) (this thesis Chapter4; Rosenheim & Rosen, 1992; Harvey, 

2000; Ris, Allemand, Fouillet, & Fleury, 2004), and the wasps’ nutritional status (Ellers et 

al., 1998; Jervis, Ellers, & Harvey, 2008) could also have influenced the wasp’s ability and 

willingness to parasitize. Although every attempt was made to maintain constant 

conditions, we cannot exclude any unintentional environmental variation. This underlines 

the importance of understanding the sources of variation to increase the response to 

selection when attempting to genetically improve natural enemies for biocontrol 

(Kruitwagen et al., 2018).  

Mechanisms underlying the evolution of non-reproductive host mortality  

Our findings are in line with previous reports on the widespread nature of non-reproductive 

host mortality in host-parasitoid systems (Heimpel, Neuhauser, & Hoogendoorn, 2003; 

Abram et al., 2016; Abram et al., 2019), including the L. heterotoma – D. suzukii system 

(Chabert et al., 2012; Kacsoh & Schlenke, 2012; Mazzetto et al., 2016; Iacovone et al., 

2018). The larvae of koinobiont parasitoids, like L. heterotoma, feed from the developing 

host larvae until the parasitoid reaches the pupal stage, after which the host dies (Fleury et 

al., 2009). However, when the host dies too soon the parasitoid is unable to develop and 

survive (Rizki & Rizki, 1990). This raises the question which mechanism(s) underlie the 

induction of non-reproductive host mortality. Generalist species like L. heterotoma might 

have an “opportunistic” strategy reflected in their low threshold for host species acceptance, 

readily parasitizing novel hosts like D. suzukii, combined with a high egg load (i.e. eggs are 

less ‘costly’). Alternatively, they might be unable to distinguish between host (habitat) cues 

of suitable hosts and D. suzukii that predict offspring survival. Consequently, non-

reproductive host mortality might be a ‘by-product’ of selection for parasitizing on other 

hosts. Evolution of non-reproductive host-killing and the evolutionary consequences of 

these maladaptive host choices have not been studied extensively. Our findings provide 

new avenues for such efforts to understand and predict the evolution of this trait and how 

this influences host range evolution (this thesis Chapter 6). 

Interestingly, selection on host killing resulted in a correlated response in attack rate, but 

wasps did not become more efficient in host killing. Perhaps wasps increased their search 

time, acceptance rate and/or ability to recognize hosts’ species presence as a result of 

selection. An increase in lethal attack rate could then have come about by not only 

attacking more hosts, but also by attacking the same host multiple times and thus further 

enhancing their damage. Activity level in L. heterotoma (Fleury, Allemand, Fouillet, & 

Boulétreau, 1995) and host selection in the A. tabida – Drosophila system (Mollema, 1990; 

Rolff & Kraaijeveld, 2001), were also found to be partly determined by genetic effects, 

suggesting that these first steps of parasitization process (host finding – acceptance) can 

evolve relative quickly in response to selection. The lack of response in lethal attack rate in 

our experiment was surprising as European populations expressed major differences (this 
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thesis Chapter 3). Moreover, lethal attack rate had a relatively high heritability ℎ2 =  0.61 

(this thesis Chapter 3). Considering that the lethal attack rate was slightly higher in the F4 

compared to the start of the experiment, but then decreased in the F5 and F7, this trait is 

likely more sensitive to the rise in fitness of D. suzukii than the attack rate. As a 

consequence, such a difference in environmental sensitivity of different parasitization 

parameters can facilitate maintenance of variation for the outcome of host-parasite 

interactions (Duneau et al., 2011; Ebert et al., 2016; Hall et al., 2017). More research is 

needed to identify specific ‘traits’ underlying host killing and their sources of variation to 

understand what could constrain or favour formation of novel host-parasitoid associations.   

Host killing as intermediate step to a complete host shift/expansion 

The relationship between host choice and offspring survival is fundamental for parasitoids’ 

fitness, host-range and population persistence (Jaenike, 1978; Thompson, 1988; Henry et 

al., 2005). Maladaptive host choices, that is attacking hosts that do not support offspring 

development, can impose costs (e.g., time and resources) on the individual and lead to an 

evolutionary trap when females are not able to discriminate between suitable and unsuitable 

host species (Schlaepfer et al., 2005; Abram, Gariepy, Boivin, & Brodeur, 2014; Abram et 

al., 2019). We therefore investigated the severity of the D. suzukii ‘trap’ for L. heterotoma 

to see whether females are able to overcome the host defensive barrier. We found however 

no positive relationship between host-killing and reproductive success and no indications of 

genetic variation in reproductive success. This suggest that host-killing is not an effective 

step to a complete host-shift/expansion in the short term in this experimental system. 

Although we did not find indications of host-shift/host-range expansion evolution, this 

might occur when a genetic variant appears that is able to evade host-immunity and survive 

inside the host. Future sampling and testing of populations in space and time might reveal 

how natural enemies evolve to the novel host: i.e., whether a novel biotic interaction arises, 

or alternatively, whether they evolve to avoid this host.  

The evolution of a generalist strategy can be restricted by trade-offs: adaptation to one 

resource can decrease fitness in another (Fry, 1990; Jaenike, 1990; Agrawal, 2000; Via & 

Hawthorne, 2002; Elena & Lenski, 2003; Henry et al., 2008). In order to reproduce on D. 

suzukii, parasitoids might need another parasitization strategy then on their native hosts like 

D. melanogaster. As such, a complete host shift might have been hampered in our selection 

experiment as parasitoids were cultured on D. melanogaster. Interestingly, unselected 

wasps showed a slightly larger reproductive success in the F5 compared to selected ones 

and selection on reproductive success did not enhance either killing or reproductive success 

rates. So, evolution of host-range might also have been constrained by functional 

correlations between traits within the same host: the parasitoids’ host-killing mechanism 

might not always promote offspring survival. For example, superparasitism (i.e., laying 

multiple eggs in the same host) or high venom quantity might kill the host before full 

development of the parasitoids. Selection, however, did not seem to affect exploitation 

success when the wasps were provided with D. melanogaster as there was no large change 

observed in reproductive success during and after selective breeding (>70% successful 

parasitism) and comparison of selected and control lines in the F7 (n=65) yielded no 



Chapter 5 | Artificial selection for non-reproductive host killing 

101 
 

significant differences in killing rate of D. melanogaster (GLMM, χ2 (1) =0.807, p=0.37) 

and successful parasitism (GLMM, χ2 (1) =0.807, p=0.1).  

Implications of non-reproductive host-killing for biocontrol 

Despite the widespread nature of non-reproductive effects in host-parasitoid systems, they 

are underappreciated for biocontrol, as the main focus is often on reproductive success 

(Abram et al., 2016; Abram et al., 2019). Recent findings, however, indicate that these 

effects can be an important mechanism that augment the biocontrol performance of 

parasitoids (Münster-Swendsen, 2002a; Huang, Hua, Wang, Zhang, & Li, 2017a; Kaser et 

al., 2018). Our study adds that non-reproductive host killing has a genetic component, but is 

also sensitive to environmental conditions resulting in fluctuating heritability. Presence of 

significant heritable variation thus does not guarantee improvement by artificial selection, 

this can only occur when stable environmental conditions (e.g., host fitness) over the course 

of selection and high accuracy of selection can be achieved. For example, if environmental 

conditions, intensity of selection and heritability would have remained constant over 

generations in our experiment, following the breeders’ equation (𝑅 = 𝑖𝜎𝑎√ℎ2 ) (Falconer & 

Mackay, 1996), it would have taken about seven generations to increase killing rate to  

97.25% (assuming selection intensity (𝑖) of 0.79 (Wricke & Weber, 1986), additive genetic 

variance of 𝜎𝑎
2 =  √1.08 and ℎ2 = 0.28 (this thesis Chapter 3)). 

To understand and predict the ability of L. heterotoma to regulate D. suzukii population 

growth under field conditions and agricultural settings (e.g., greenhouses or orchards), more 

research is needed in parasitoids’ ability to find hosts and it's host species preference. In 

addition, following our observation that D. suzukii resistance to parasitoid attack can vary, 

biological control would benefit from investigating the immune resistance under different 

field conditions. Ultimately, for immediate within-generation control, parasitoids displaying 

non-reproductive host killing could be used in pest management by inundative application 

(i.e., the release of large numbers of natural enemies for achieving a rapid effect), as they 

can cause substantial mortality in host larvae. For multi-generational effects, they can be 

supplied by using a banker system, providing them with alternative (non-harmful) hosts to 

support the population growth of the biocontrol agent (e.g., providing a susceptible host 

like D. melanogaster as a reservoir in the case of L. heterotoma). 

Conclusion 

Our results provide an example of how evolutionary principles can be applied to optimize 

performance of native species for biological control. We consider the evolution of host-

range as a stepwise process, and assessed whether intermediate steps can be selected for. 

This adds to the growing body of evidence that natural enemies can evolve to overcome 

host defences and be optimized for biocontrol (e.g. Kraaijeveld et al., 2001; Henry et al., 

2008; Dennis, Patel, Oliver, & Vorburger, 2017; Lirakis & Magalhães, 2019; Rossbacher & 

Vorburger, 2020). Even though we did not observe a major effect of artificial selection, 

wasps that exhibited non-reproductive host killing can influence host population dynamics 

(Kaser et al., 2018) and thus be an asset for biological control. Host specific factors, such as 

resistance and condition, will be crucial for the likelihood of adaptation in natural 
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populations of natural enemies by affecting the reproductive success and thus parasitoid 

fitness. Empirical and theoretical studies are required linking traits underlying multi-host 

parasitization and direction of selection pressures in nature to understand and predict the 

response of native natural enemies to novel invasive species and their eco-evolutionary 

consequences.  
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Abstract 

The invasion of a novel host species can create a mismatch in host choice and offspring 

survival (performance) when native parasitoids attempt to exploit the invasive host without 

being able to circumvent its resistance mechanisms. Invasive hosts can therefore act as 

evolutionary trap reducing parasitoids’ fitness and this may eventually lead to their 

extinction. Yet, escape from the trap can occur when parasitoids evolve behavioural 

avoidance or a physiological strategy compatible with the trap host, resulting in either host-

range expansion or a complete host-shift. We developed an individual based model to 

investigate which conditions promote parasitoids to evolve behavioural preference that 

matches their performance, including host-trap avoidance, and which conditions lead to 

adaptations to the unsuitable hosts. One important aspect of these conditions was reduced 

host survival during incompatible interaction, where a failed attempt by a parasitoid 

resulted in host killing. This non-reproductive host mortality had a strong influence on the 

likelihood of establishment of novel host-parasitoid relationship. Killing unsuitable hosts 

can constrain adaptation under conditions which in fact promoted adaptation when 

parasitoids would leave the trap host unharmed and survive parasitoid attack. Moreover, 

our model revealed that host-search efficiency and genetic variation in host-preference play 

a key role in the likelihood that parasitoids will include the suboptimal host in their host 

range, or will evolve behavioural avoidance resulting in specialization and host-range 

conservation, respectively. Hence, invasive species might change the evolutionarily 

trajectory of native parasitoid species, which is important for predicting biocontrol ability 

of native parasitoids towards novel hosts.  

Key-words: host-parasitoid interactions, exotic species, parasitism, ecological trap, 

biological control, evolution  
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1. Introduction 

Parasitoids are insects that lay eggs in or on other insects, and whose immature stages 

develop in or on a host that is eventually killed. They however sometimes accept hosts for 

oviposition that are unsuitable for their offspring to survive (Thompson, 1988; Heimpel, 

Neuhauser, & Hoogendoorn, 2003). One explanation of such ‘bad motherhood’ is the 

invasion of novel host species for which native parasitoid species do not have pre-adapted 

mechanisms to circumvent host resistance, and/or to recognize these hosts as unsuitable 

(Thompson, 1988; Yoon & Read, 2016). When parasitoids attempt to exploit suboptimal 

hosts even when alternative suitable ones are present, the host is considered an 

‘evolutionary trap’ (Schlaepfer, Runge, & Sherman, 2002; Schlenke, Morales, Govind, & 

Clark, 2007). Evolutionary traps can have large ecological impact on ecosystems as 

parasitoids lose resources (time and/or eggs) attacking them, and this can even result in a 

reduction of their population size, ultimately leading to extinction (Kokko & Sutherland, 

2001; Yoon & Read, 2016).  

Yet these maladapted parasitoid populations might be ‘rescued’ by undergoing evolutionary 

change. Studies have shown that parasitoid populations can harbor genetic variation for 

host-choice and host use/virulence (Henter, 1995; Desjardins, Perfectti, Bartos, Enders, & 

Werren, 2010; König et al., 2015; Benoist et al., 2020). This would allow parasitoids to 

escape from an evolutionary trap by evolving avoidance behavior or improved performance 

towards novel hosts (Keeler & Chew, 2008). Both mechanisms would promote parasitoid 

persistence, but only adaption to efficient utilization of the novel host would reduce the 

impact of the invader and would thus be favored from a conservation and biological control 

perspective. Insight in the response to an evolutionary trap is also relevant for the evolution 

of host specialization or host-range expansion. Inclusion of the suboptimal host into the 

parasitoids’ repertoire of hosts species can eventually result in specialization and host-shift 

to this novel host, whereas behavioral avoidance results in physiological host-range 

conservation.  

Models that focus on host-parasitoid dynamics typically assume that a compatible host-

parasitoid interaction results in host mortality and yields parasitoid offspring, whereas an 

incompatible interaction (such as a host trap) results in host survival and no parasitoid 

offspring (Hassell & Pacala, 1990; Hassell, 2000; Heimpel et al., 2003). However, a 

mismatch in parasitization strategy and host suitability (incompatibility) can also result in 

‘non-reproductive host mortality’, i.e., parasitoids kill the unsuitable host but do not 

reproduce (Abram, Brodeur, Burte, & Boivin, 2016). This has, for example, been 

documented in native parasitoids attacking the invasive agricultural pest Halyomorpha 

halys (Abram, Gariepy, Boivin, & Brodeur, 2014; Abram, Brodeur, Burte, & Boivin, 2016) 

and Drosophila suzukii (Kruitwagen, Wertheim, & Beukeboom, 2021). Non-reproductive 

host killing is thus a third outcome of a host-parasitoid interaction, but has received little 

attention in host-parasitoid studies despite its common nature (Abram, Brodeur, Urbaneja, 

& Tena, 2019).  
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Empirical and theoretical studies show that non-reproductive host killing can influence the 

population size of the unsuitable host when suitable hosts are present to sustain the 

parasitoids’ population (Münster-Swendsen, 2002; Abram et al., 2016; Huang, Hua, Wang, 

Zhang, & Li, 2017; Kaser, Nielsen, & Abram, 2018). However, the inclusion of the 

unsuitable host in the parasitoids’ repertoire can reduce the overall reproductive success of 

the parasitoid and can consequently feedback on host-parasitoid population dynamics and 

relative host species abundance via complex direct and indirect interactions (Kaser et al., 

2018). For instance, time and/or eggs lost by attacking unsuitable hosts can reduce 

parasitoid population size and release the suitable hosts from parasitism (‘enemy release’). 

As host availability and suitability have a direct impact on parasitoid reproductive success, 

it can also shape the evolution of the parasitoid behavior and parasitization strategies. 

Hence, attacking and killing unsuitable hosts can change host population abundance of both 

suitable and unsuitable hosts (Heimpel et al., 2003; Kaser et al., 2018) and might thus alter 

the strength and direction of selection in response to the host trap.  

The impact of variation in host-suitability on parasitoid ecology and evolution has 

previously been modelled in 1-host/1-parasitoid (Sasaki & Godfray, 1999; Tuda & Bonsall, 

1999; Fellowes & Travis, 2000) and 2-host/1-parasitoid systems (Tuda & Bonsall, 1999; 

Heimpel et al., 2003; Kaser et al., 2018). However, it is unknown how parasitoid induced 

non-reproductive host mortality interacts with genetic variation in host preference behavior 

and parasitization strategy, i.e., the parasitoids’ physiological compatibility with different 

host species. Using an individual based model, we here address the questions: (1) how does 

genetic variation for host preference and parasitization strategy influence the evolution of 

generalization and specialization in response to an evolutionary trap and (2) how does non-

reproductive host mortality (i.e., an incompatible interaction that results in host death 

without parasitoid offspring) influences the evolutionary response of the parasitoid? We 

explore the evolution of parasitization strategy and preference behavior in a 2-host/1-

parasitoid system under various costs of exerting host preference and generalist 

parasitization efficiencies, to identify conditions that would favor trap avoidance and/or 

adaptation to the unsuitable host.  

2. Material and methods 

Model description  

We simulate the evolution of two evolving traits, host preference behavior and 

parasitization strategy (i.e., physiological compatibility with two host species), in a 

population of parasitoids that has access to an original host species (host species 1) and a 

novel invader (host species 2). Generations are discrete and non-overlapping for both host 

species and the parasitoid; we denote their population densities at the start of generation t 

by H1(t), H2(t) and P(t), respectively. 
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Table 1 | Parameters and initial values used in simulations 

Parameter Interpretation Parameter value(s) 

Parasitoid 

𝝁q Mutation rate of host-preference 0;0.001 

𝝁S Mutation rate of parasitization strategy 0;0.01 

𝝉d

P𝟏  ;  𝝉d

P𝟐  Maturation rate of parasitoid offspring for specialists 

(S=1, S=2) 

20 

𝝉d

P𝟑  Maturation rate of parasitoid offspring for generalists 

(S=3) 

46.51; 45.45; 44.44; 

43.48; 42.55 

𝝉s Search time, time for parasitoids to find a patch with 

hosts 

3;7;11 

𝝉a Time after which the parasitoid abandons the patch 

when failing to locate another host 

1 

𝝉e Host-parasitoid encounter rate 0.02 

𝝉r Time needed for parasitoid to recover after foraging 

and localizing the next host-patch 

0.5 

P(t) Initial parasitoid population size 500 

Host 

r1 Growth rate Host 1 4 

r2 Growth rate Host 2 4 

α1 Density-dependent competition coefficient host 1 0.001 

α2 Density-dependent competition coefficient host 2 0.001 

𝝉d

H𝒊 Time for a host to mature 10 

n1 Number patches of host 1 20 

n2 Number patches of host 2 20 

 

Host population dynamics 

The environment is structured into patches that each contain a small subpopulation of host 

individuals. We assume that the two host species occupy two different niches, so that they 

occur in separate patches and do not compete for resources with each other. The density of 

each host population is regulated at the global scale by density-dependent survival, which 

acts before the start of each parasitoid generation. The surviving hosts reproduce, and 

distribute their offspring randomly over the host patches for their species, after which the 

host adults die. The total number of offspring in a local subpopulation of host species i (𝑖 =

1 or 2) is distributed following a Poisson distribution with mean:   

𝜆𝑖(𝑡) =
1

𝑛𝑖

𝑟𝑖  𝐻𝑖(𝑡) 𝑒−𝛼𝑖 𝐻𝑖(𝑡). 

Here, ni is the number of patches for host species i in the environment, ri is the maximum 

per-capita offspring production rate, 𝐻𝑖(𝑡) denotes the total number of adult host 

individuals before density regulation (which is equal to the number of surviving hosts at the 

end of the previous time step), and 𝛼𝑖 is a parameter that quantifies the sensitivity of host 

species i to within-species competition (Table 1) ; this parameter determines the host 

population density at equilibrium in the absence of parasitization, 𝐻𝑖
∗ = ln(𝑟𝑖)/𝛼𝑖.  
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The developing host offspring that have been deposited in a patch, can be parasitized during 

a vulnerable period in their development. The host survives if no parasitoid successfully 

parasitizes the host before the end of the sensitive period. We assume that the length of this 

time window is exponentially distributed with average length 𝜏
d

H𝑖  , the mean length of the 

sensitive developmental period for host i. Variation in the length of the sensitive period 

introduces variation in the vulnerability of hosts to parasitoid attack, which is an important 

factor promoting the stabilization and persistence of host-parasitoid systems (Hassell & 

Pacala, 1990; Hassell, 2000).  

Parasitoid behaviour 

Parasitoid reproductive success is taken to be limited by the ability to locate and exploit 

host patches (i.e., parasitoids are limited by time, not primarily by the availability of 

resources needed for egg-production). This is relevant as most parasitoids seem to live 

relative shortly and die before exhaustion of all their eggs and/or are able to replenish their 

egg supply during their life (Ellers, Sevenster, & Driessen, 2000; Wajnberg, 2006; 

Wajnberg, Roitberg, & Boivin, 2016). In the individual-based simulations, we therefore 

keep track of the time budget of each parasitoid individual as it progresses through 

consecutive stages of the parasitization cycle (Fig. 1A).  

The first step in the parasitization behaviour is that the parasitoid must search the 

environment to locate a host patch. Searching parasitoids are assumed to move through the 

environment randomly and encounter host patches at a constant rate 1/𝜏s, where 𝜏s 

represents the average searching time needed to locate a host patch. After locating a patch, 

the parasitoid may decide to reject it, depending on which host species is occupying the 

patch and the parasitoid individual’s host preference trait, 𝑞, a quantitative character that 

can range in value on a continuous scale between -1 and +1 (Fig.1, Table 1). In particular, 

the probability that the parasitoid rejects the patch is given by: 

Pr[reject patch](𝑞) = {
max(0, −𝑞) if patch is occupied by host 1

max(0, +𝑞) if patch is occupied by host 2
 

Accordingly, individuals with 𝑞 = 0 accept all patches (i.e., they select a host patch at 

random), whereas, on the extremes of the scale, individuals with 𝑞 = +1 or 𝑞 = −1 

exclusively accept patches occupied by host species 1 or 2, respectively, and thus avoid the 

other host (Fig. 1B). Note that such selectivity comes at the costs of an increase in the 

expected search time needed to locate an acceptable patch (a parasitoid that rejects a patch 

has to resume searching).  

Once an individual accepts a host patch, it proceeds to exploit the available hosts living 

there (Fig. 1A). Parasitoids encounter hosts in a random sequence, and continue to search 

the patch until they encounter a host individual for the second time, or if they have been 

searching for longer than 𝜏a time units since their last encounter with a host individual (𝜏a is 

the time threshold for abandoning the patch when failing to locate another host). Time 

intervals between encounters with a given host individual are drawn from an exponential 

distribution with mean 𝜏e (i.e., 1/𝜏e corresponds to the per-capita host-parasitoid encounter 
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rate). As a consequence of the stochasticity in the order and timing of host encounters, 

parasitoids tend to interact with a variable subset of the host individuals in a patch, rarely 

with all of them.  

If a host is found by a parasitoid before it has completed the sensitive period of 

development (𝜏
d

H𝑖), it will be parasitized, incrementing the parasitoid’s reproductive 

investment by one unit. The parasitoid’s reproductive investment reflects energy invested in 

parasitization and egg production. Hosts can be parasitized multiple times; we assume that 

parasitoids do not discriminate against hosts that were previously attacked by another 

individual. After leaving a host patch, parasitoids need to recuperate for a period of time to 

restore their energy reserves allocated to reproduction: we assumed that this recovery 

period consists of a sum of exponentially distributed waiting times, each with expected 

length 𝜏r for each unit of reproductive investment that the individual spent in the previous 

host patch (Fig. 1A, Table 1). After recovering from previous reproductive investment, 

parasitoids are allowed to resume their search for another host patch, until no exploitable 

hosts are available in the environment anymore. 

 

 

Figure 1 | Stages of parasitoids’ host-searching behaviour (A) and the effect of parasitoids’ host preference 

genotype (q) on the probability of interacting with host species i (i.e., accept patch) assuming equal numbers of 

host patches of each species (B). 
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Parasitoid offspring development 

The outcome of the host-parasitoid interaction is dependent on the parasitoids’ 

parasitization strategy (S), and the timing of host and parasitoid offspring development 

(Fig. 2). In addition, we consider two different scenarios in modelling incompatible host-

parasitoid interactions: one with non-reproductive host-killing, the other without (Table 2, 

Fig. 2). The parasitization strategy S is modelled as a discrete character, with three possible  

trait values, reflecting the following tactics: parasitoids with 𝑆 = 1 or 𝑆 = 2 are specialist 

parasitoids that exhibit specific adaptations to, respectively, host species 1 or 2, and that are 

incompatible with the other host species; parasitoids with 𝑆 = 3 are generalists that are 

compatible with both hosts. As explained below, we assume that the broader host range of 

these generalists trades-off against a lower rate of development efficiency of their offspring 

in either host species, resulting in a lower offspring survival probability.  

In the model scenario without non-reproductive host killing (scenario 1), parasitoid 

offspring can only develop if they are compatible with the host (Table 2, Fig. 2) (e.g., when 

the parasitoid is able to inactivate haemocytes, or otherwise suppress or evade the immune 

system of the host, and/or regulate host physiology or behaviour to facilitate the 

development of the parasitoid offspring). In the other scenario (scenario 2; with non-

reproductive host killing), parasitoid offspring can initially develop in the incompatible 

hosts, to the point that the host is killed (e.g., due to damage inflicted by parasitoid attack 

and/or self-harm through mounting an immune defence), but parasitoid offspring cannot 

successfully complete development in an incompatible host.  

Figure 2 | Stages of parasitoids’ host exploitation (parasitization) and the outcome of host-parasitoid interactions in 

terms of host and parasitoid offspring survival. When the parasitoid is incompatible with the host, two different 

scenarios are considered when the parasitoid exploits the host: under scenario 1 the parasitoid offspring dies but 

the host survives, whereas under scenario 2 both the parasitoid offspring and host die. 
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Irrespective of compatibility, the rate of parasitoid development is taken to depend only on 

the strategy S of the parasitoid parent: offspring of a generalist parasitoid are assumed to 

develop more slowly than the offspring of specialists, such that their expected time of 

development 𝜏d

P3  is larger than for specialists (𝜏d

P1  and 𝜏d

P2; we assume these to be equal for 

simplicity) and thus have a lower success rate of completion of development and offspring 

survival. In all cases, their developmental success is drawn from an exponential 

distribution. 

The eventual fate of a parasitized host is determined by the relative timing of its infestation 

relative to the hosts’ sensitive period: if a parasitoid infests the host before it reaches the 

end of the sensitive period, parasitization will result in killing of the host (Fig. 2). This 

event is associated with the emergence of a single new parasitoid individual, unless the host 

is incompatible (note that incompatible hosts are killed only in model scenario 2, with non-

reproductive host-killing). When a host has been attacked multiple times, the first parasitoid 

offspring that completes development is decisive for the fate of the host; the offspring of 

the other parasitoids are always inviable. Finally, when the host reaches the end of the 

sensitive developmental period before any parasitoid infests it the host survives.  

After the outcome of all interactions has been decided, the parasitoid offspring replace the 

parental generation (such that their total number sets the value of P (t + 1)), and surviving 

hosts are collected to determine 𝐻1(𝑡 + 1) and 𝐻2(𝑡 + 1), the density of hosts at the start of 

the next time step. 

Table 2 | Overview of potential outcome of host-parasitoid interactions under two different scenarios. 

Parasitization 

strategy S 

Host 

species 
Outcome(a) 

Compatible interactions 

1 1 Fast parasitoid development(b); emergence of parasitoid 

offspring; host dies. 2 2 

3 1, 2 
Slow parasitoid development(b); emergence of parasitoid 

offspring; host dies. 

Incompatible interactions 

1 2 

Scenario 1 - without non-reproductive host killing: 

No interaction; host survives. 

Scenario 2 - with non-reproductive host killing: 

Fast parasitoid development(b), but no emergence of viable 

parasitoid offspring; host dies. 2 1 

 

 (a) Outcome under the assumption that parasitoid development completes before the end of the host’s vulnerable 

developmental period; otherwise, the host survives. 

(b) Developmental rate of generalist (S=3) assumed to be slower than specialists (S=1,2), with the magnitude of the 

difference being dependent on 𝜏d
P3 , relative to 𝜏d

P1 and 𝜏d

P2. Compatible interactions do not have an inherent 

advantage in developmental rate over incompatible interactions. 
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Genetic assumptions, initial conditions and simulation details 

Host preference and parasitisation strategy were each genetically encoded by a single 

haploid locus, and we assumed reproduction to be clonal for simplicity. Simulations were 

initialised with a small initial population of parasitoid individuals, all with 𝑆 = 1 (pre-

adapted to the orginal host (host 1); incompatible with the invader (host 2) and 𝑞 = 0 (no 

initial host discrimination). Host population densities were initialised at their equilibrium 

density in the absence of parasitization (𝐻𝑖
∗ = ln(𝑟𝑖)/𝛼𝑖). Genetic variation in host 

preference and parasitization strategy was introduced by a low rate of mutation (Dieckmann 

& Law, 1996; Geritz, Metz, Kisdi, & Meszéna, 1997; Metz, Nisbet, & Geritz, 1992): 

mutations in host preference occurred with probability 𝜇q per reproductive event, and 

changed the offspring’s q-value to 𝑞offspring = min(1, max(0, 𝑞parent + Δ𝑞)), where the 

mutational effect size Δ𝑞 was sampled from a standard normal distribution; mutations in the 

parasitization strategy occurred with a low probability 𝜇S per reproductive event, and 

changed the tactic from 𝑆parent to 𝑆offspring with probabilities Pr[𝑆parent → 𝑆offspring] , given 

by Pr[1 → 3] = 1, Pr[2 → 3] = 1 and Pr[3 → 1] = Pr[3 → 2] = 1/2 (all conditional on 

the occurrence of a mutation). Accordingly, specialists can mutate to the generalist tactic, 

which can mutate to either one of the specialist tactics with equal probability, but specialists 

cannot mutate to become specialized for the other host species in a single mutational step. 

The model was implemented as a stochastic individual- and event-based simulation in the 

programming language C++ (Appendix S1), based on a modification of the Gillespie 

algorithm for stochastic simulations. Data produced by the simulation (population densities 

of hosts and parasitoids; frequencies of parasitization tactics and distribution of host 

preference) were analysed in R (version 4.0.1) (R Core Team, 2020). We modelled the two 

main mechanisms to cope with the evolutionary trap (behaviour avoidance or adaptation), 

by allowing the population to evolve under different mutation probabilities of either 

parasitization strategy alone or parasitization strategy and host-species preference and 

tested how the costs of exerting host preference and the developmental costs of broadening 

the host-range influenced the parasitoids’ evolution. These trade-offs were investigated by 

altering the host patch search time 𝜏s and the likelihood of successful infestation by 

generalist parasitoids’, as determined by the parameter 𝜏d

P3  (Table 1). We did this under two 

scenarios: one in which incompatible interaction had no effect on host survival and one in 

which incompatible interaction resulted in host death (Table 2, Fig. 2). Each combination of 

parameter settings was replicated 30 times and run for 1000-time steps (generations).  

3. Results  

Multiple traits can be involved in host-range and host adaptation, which might evolve 

independently in response to selection. We therefore first investigated how genetic 

parasitization tactic (S), the parasitoids’ host-use strategy that determines its physiological 

compatibility with either of the host species or both, would influence (physiological) host-

range evolution. Next, we also considered genetic variation in host-preference behavior (q), 

the parasitoids’ inherent choice to lay eggs in certain hosts. We did this under different 
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costs by examining the influence of (1) the relative developmental success of generalist 

parasitoids (determined by different parameter ratios 𝜏d

P1/𝜏d

P3) and (2) parasitoid search 

time (depending on parameter 𝜏s). Search time may vary depending on environmental 

conditions: a low search time might reflect a resource rich-environment in which patches 

are clustered, whereas a relatively high search time might reflect a resource-poor 

environment in which host-habitat patches are sparse and/or more difficult to locate. The 

latter conditions imply a higher evolutionary costs of exerting host preference, as the 

decision to reject a patch would necessitate a large time investment for finding a more 

suitable patch, compromising the amount of time remaining for reproduction.  

Initially, all parasitoids were specialists of host species 1, meaning that exploitation of this 

host results in one parasitoid offspring and host mortality. Parasitoids were not able to 

discriminate between patches of host 1 or 2 (no preference, random host patch selection) 

and lost time exploiting unsuitable host patches. As such, host 2 acted as an ‘evolutionary 

trap’. When specialists attempt to exploit an incompatible host, this either had no effect on  

host survival (model scenario 1), or resulted in host death without parasitoid offspring, i.e., 

non-reproductive host killing (scenario 2), (Table 2, Fig. 2). 

Evolution of parasitization tactic  

Scenario 1: incompatible interaction has no effect on host survival 

First, we consider the scenario where an incompatible interaction between a host and 

parasitoid does not result in host-killing (scenario 1, Table 2, Fig. 2). This can occur for 

example when the host is unsuitable for development of the parasitoids’ offspring and the 

host survives the attack by encapsulation of the parasitoids’ egg. Figure 3 shows example 

simulations of relative trait values for parasitization strategy over 1000 generations in 

which host preference is not allowed to evolve and parasitoids exhibit random host patch 

selection under low and high efficiencies of generalists and host searching. A mutation of 

parasitization strategy (S) first results in the invasion of a generalist parasitization strategy 

which is able to overcome the unsuitability of the novel host and thus able to reproduce on 

host 1 as well as host 2 for reproduction. Note that we assumed that a specialist of host 1 

cannot directly shift to the alternative specialist strategy and must first become a generalist 

by mutation. However, when generalists are less efficient in parasitization (and without 

non-reproductive host killing), selection ultimately favours the evolution of a 

polymorphism of two specialists, after the specialist for host 2 has emerged by mutation 

from the generalist strategy (Fig. 3A). Hence, as expected, low generalist efficiencies result 

in a consistently higher frequency of specialists across replicate simulations (Fig. 4A).  

Interestingly, the parasitoids’ search efficiency also influences evolution of specialization. 

Generalisation tended to evolve at low and/or medium search efficiencies while 

specialization tended to occur at high search efficiencies (Fig. 3A, Fig. 4A). An explanation 

is that higher search efficiencies increase the number of host-patches a parasitoid can visit 

during its life. This increases the chance of a specialist to find a patch with suitable hosts 
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and give them a competitive advantage even when costs of generalists are relatively low. 

As such, the search efficiency of the parasitoid can exceed the costs of a narrow host use  

and facilitate evolution of specialisation on the novel host. In contrast, at low/medium 

search efficiency, generalists have an advantage as they can successfully exploit hosts on 

every patch they visit, and thus will always find a patch with suitable hosts. Yet, 

independent of the parasitoids’ search efficiency and the magnitude of the generalist-

specialist trade-off, genetic variation in host-use under scenario 1 consistently allowed 

parasitoids to adapt to the ‘trap’ host, establishing a novel host-parasitoid relationship (Fig 

4A), either by generalisation or by specialisation. Note that parasitoids with a physiological 

specialist tactic can still make maladaptive host choices when accepting patches of their 

unsuitable host due to their random host selection behaviour. 

  

Figure 3 | Examples of time series of relative average trait values for parasitization tactic (S) with fixed host-

preference (q = 0, i.e. random dispersal) at low and high generalist efficiencies (𝜏
d

P3 = 42.5 , 𝜏
d

P3 = 46.5, 𝑟𝑒𝑠𝑝.) 

and low and high host-patch search efficiencies (𝜏s = 3, 𝜏s = 11 𝑟𝑒𝑠𝑝. ). Specialists of host 1 (red) attacking hosts 

that do not match their parasitization strategy have either (A) no effect on host survival or (B) results in host 

killing and can evolve a generalist strategy (grey) and subsequently mutate to become host use specialist of host 2 

(blue). 
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Figure 4 | Evolution of parasitization strategy (S) with varying generalist efficiencies and host-patch search 

efficiencies (low, 𝜏s = 11; medium, 𝜏s = 7; high, 𝜏s = 3). Specialist 1 represents parasitoids able to reproduce on 

host 1, but are incompatible with host 2 and vice-versa for specialist 2. Generalists are able to reproduce on both 

host species but vary in respect to their host use efficiency relative to specialists. Incompatible interaction has 

either (A) no effect on host survival or (B) results in non-reproductive host killing. Dots represent the relative 

frequency of each genotype (±SE) after 1000 generations (n=30). 

Scenario 2: incompatible interaction results in host-killing 

Second, we consider the scenario where an incompatible host-parasitoid interaction results 

in host killing instead of host survival (Scenario 2, Fig. 2, Table 2). This might occur when 

the host dies due to physiological costs; e.g., self-harm through mounting an immune 

defence. A similar pattern arises for a subset of conditions: (1) relatively low 

developmental costs of broadening the physiological host-range resulted in the evolution of 

a generalist parasitization tactic and (2) high search efficiencies combined with low 

efficiency of generalists promoted parasitization specialists (Fig 3B, Fig 4B). However, in 

contrast to the simulations without host killing (scenario 1), either specialists of host 1 or 

generalists dominated after 1000 generations, but specialists of the novel host did not 

evolve (Fig. 3B, Fig. 4B). In other words, non-reproductive killing of unsuitable hosts can 

prevent specialists of host 2 to evolve, constraining adaptation and the establishment of 

novel host-parasitoid relationship. This appeared in particular when parasitoids exhibited a 

high search efficiency and generalists have relative low host use efficiency (Fig. 4B), 

conditions which promoted the evolution of specialists of the unsuitable host under scenario 

1. The ability to kill unsuitable hosts allows specialists of host 1 to compete with generalists 
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by reducing the number of available hosts for generalists to exploit hindering the evolution 

of generalisation. Consequently, the evolution of specialisation on the (initial) unsuitable 

host 2 is hampered as well, because specialists of host 2 can only evolve through mutation 

of the generalist strategy. Hence, non-reproductive host killing can increase the competitive 

advantage of specialists over generalists and limit the evolution of specialization on host 

species 2 resulting in physiological host-range conservation. This also means that non-

reproductive host killing can be maintained and expressed under these conditions when 

attacking unsuitable hosts.  

Combined evolution of host-preference and parasitization tactic 

We next allowed both parasitization strategy (S) and the behavioural trait host preference to 

evolve (q). Host preference relies on individuals rejecting host patches, which is a costly 

decision if the time needed to find a patch is high. Parasitoids that exhibit an avoidance for 

either host species can therefore increase their total reproductive output by selecting 

suitable host-patches that match their parasitization tactic (performance) and thus lose less 

time exploiting unsuitable hosts. The evolution of host species preference can however be 

constrained by the search efficiency of individuals in a given environment as this sets their 

time budget to find their preferred hosts (Fig 1).  

Scenario 1: incompatible interaction has no effect on host survival 

Figure 5 shows example simulations of relative trait values for both parasitization strategy 

and host preference over 1000 generations, with varying levels of generalist host 

exploitation and host searching efficiency. Figure 6A shows the relative frequency of 

parasitization tactic and host-preference after 1000 generations under scenario 1 in which 

an incompatible interaction has no effect on host survival (Fig. 2, Table 2). The 

evolutionary response to the unsuitable host trap was qualitatively similar to the situation 

with fixed random host selection behaviour (Fig. 4A): consistent adaptation towards the 

‘trap’ host among replicates by change in parasitization strategy with a switch from the 

evolution of a generalist towards specialist tactic with decreasing generalist efficiencies and 

increasing search efficiencies. However, the conditions for evolution of specialisation are 

relaxed by combined evolution of host preference and parasitization tactic (Fig. 5A, 6A). 

The evolution of parasitization specialists was facilitated because specialists gain an 

advantage over generalists by being able to select patches that matches their performance. 

As such, specialists are able to avoid their unsuitable host (preference ≠ 0) in presence of 

genetic variation in host-preference (Fig. 5A, 6A). Only at low host-search efficiencies and 

high generalist efficiencies, parasitoids able to reproduce on both hosts were selected, thus 

resulting in adaptation by host-range expansion instead of a physiological host-shift. Low 

search efficiency increases the time for individuals to find suitable host patches, making it 

costly to be choosy, promoting random host acceptance. For example, whereas at t~ 500 

parasitoids with high search efficiency evolved as specialists with a behavioural preference 

for their suitable host, a complete avoidance of their unsuitable hosts generally did not 

evolve at t= 1000 when search efficiency was low (Fig. 5A, Fig. 6A). Low search 

efficiency can therefore favour random host acceptance (preference = 0) over host 

avoidance, giving individuals with a generalist parasitization strategy an advantage.  
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Figure 5 | Example of time series of relative average trait values for parasitization strategy (S) and host-preference 

at low and high generalist efficiencies (𝜏
d

P3 = 42.5 , 𝜏
d

P3 = 46.5, 𝑟𝑒𝑠𝑝.) and low and high host-patch search 

efficiencies (𝜏s = 3, 𝜏s = 11 𝑟𝑒𝑠𝑝. ). Specialists of host 1 (red) attacking hosts that do not match their 

parasitization strategy have either (A) no effect on host survival or (B) induce host killing. We assume that host 1 

specialists can mutate to become a generalist strategy (grey); a subsequent mutation may then lead to the evolution 

of a specialists for host 2 (blue). Preference of 0 indicates random host searching and parasitoids can evolve 

preference for host-1 (p>0) or preference for host 2 (p<0). 
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Note that host-preference of generalists highly fluctuates when generalists occur at low 

frequency and are not evolving (Fig. 6). The erratic pattern is therefore simply the result of 

the low number of parasitoids with generalist parasitization tactic that stochastically 

mutated among parental genetic background. In conclusion, genetic variation in host 

preference (1) promotes parasitoids with a specialist host use strategy and (2) can facilitate 

the evolution and co-existence of two distinct specialist strategies in response to the 

evolutionary trap: one evolving trap avoidance; the other evolving a preference and 

specialisation for the novel host.  

Scenario 2: incompatible interaction results in host-killing 

As explained above, when parasitization strategy alone was allowed to evolve under 

scenario 2, the parasitoids’ potential to adapt to the unsuitable host was hindered resulting 

in physiological host-range conservation (domination of specialists of host 1), remaining a 

mismatch in host choice and performance (Fig. 4B). Only when search efficiency was high 

and costs of being a generalist low, evolution of generalist strategy occurred, although a 

complete physiological host-shift did not occur by evolution of specialists of host 2. When 

non-reproductive host killing occurred, interestingly, heritable variation in both host 

preference and performance also changed the evolutionary outcome. In this case, it resulted 

in evolution of specialists of the ‘trap’ host (host 2) allowing them to co-occur with 

specialist of host 1 (Fig. 5B, Fig. 6B). In other words, genetic variation in both traits 

increases the chance of establishment of novel host-parasitoid interaction and allows 

specialisation to the unsuitable host by a complete physiological host-shift instead of host-

range expansion. This indicates that in the situation of parasitoids killing unsuitable hosts, 

evolution of avoidance behaviour matters. This is because parasitoids with a specialist host 

use tactic of host 1 can evolve a complete avoidance of the trap; this reduces killing of 

unsuitable host 2 and removal of resources for parasitoids with a genotype enabling to 

reproduce on the trap host. Hence, evolution of host-preference can decrease the strength of 

competition through non-reproductive host killing when specialists evolve host-preference 

that matches their parasitization strategy, facilitating evolution and persistence of specialists 

of host 2.  

Specialists of host 1 that exhibit non-reproductive host killing of host 2 however tend to 

dominate and constrain physiological host-range expansion and specialisation on the 

(initial) suboptimal host when search efficiency is low and when generalists exhibit relative 

high efficiencies (Fig. 5B, Fig 6B). First consider that the individuals’ time budget shapes 

the trade-off between random dispersal and the optimization of behaviour preference with 

parasitization host use strategy. It follows that when search time constrains evolution of 

optimal host-preference, frequent killing of incompatible hosts impairs the evolution and 

persistence of generalists. Next, as a physiological host-shift is based on sequential 

evolution of a generalist to specialist strategy, a high cost of being a generalist further 

reduces the chance that specialists of host-2 can appear and persist. Hence, when 

parasitoids exhibit non-reproductive host killing, a complete physiological host-shift is 

most likely to occur when (1) specialists of host 1 exhibit preference for host 1 reducing 

intra-specific competition and (2) when search efficiency is high, reducing the costs of 

being choosy and allowing a behavioural preference for host 2 to evolve.  
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Figure 6 | Evolution of both host-preference and parasitization strategy (S) with generalist and host-patch search 

efficiencies (low, 𝜏s = 11; medium, 𝜏s = 7; high, 𝜏s = 3). Specialist 1 (red) represents parasitoids able to 

reproduce on host 1, but are incompatible with host 2 and vice-versa for specialists 2 (blue). Generalists (blue) are 

able to reproduce on both host species Generalists are able to reproduce on both host species but vary in respect to 

their host use efficiency relative to specialists. Incompatible interaction has either (A) no effect on host survival or 

(B) results in non-reproductive host killing. Dots represent the relative frequency of each genotype (±SE) after 

1000 generations (n=30). Preference of 0 indicates random host searching, while preference of >0 indicates 

preference for host-1 and <0 preference for host 2.  
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4. Discussion  

The rising number of exotic (invasive) species calls for understanding and predicting not 

only the – short term – ecological impact on native species in the invaded range but also 

their impact over evolutionary time (Mooney & Cleland, 2001; Schlaepfer, Sherman, 

Blossey, & Runge, 2005; Strauss, Lau, & Carroll, 2006). Invasive species can act as an 

evolutionary trap for parasitoids when they are unsuitable for reproduction but 

indistinguishable from suitable hosts (Schlaepfer et al., 2002; Schlaepfer et al., 2005). Such 

incompatible interactions reduce parasitoids’ fitness and results in a mismatch between host 

choice and offspring survival (performance), i.e., ‘bad motherhood’ (Thompson, 1988; 

Yoon & Read, 2016). In this study, we explored which conditions could promote parasitoid 

adaptation through improved performance on the trap host and reduce suboptimal host 

choices through change in host preference. Whereas trap avoidance would protect 

parasitoid populations from becoming extinct, adaptation would also enhance their capacity 

to supress invasive hosts and thus their value for biological control. Using an individual 

based model, we show that the outcome of incompatible host-parasitoid interaction matters 

for the parasitoids’ potential to establish a new viable host-parasitoid relationship with the 

trap host. While compatible interactions are always fatal for the host (reproductive host 

killing), we considered that attacking unsuitable hosts either leaves the host unharmed or, 

on the other extreme, is fatal for the host. We found that non-reproductive host killing can 

hamper adaptation to the trap in conditions which in fact promoted host-range evolution in 

parasitoids when they were not able to kill unsuitable hosts. Moreover, we show that the 

establishment of a novel host-parasitoid relationship does not necessarily have to occur at 

the behavioural level through changing host-preference behaviour, as a physiological 

strategy can evolve that enables reproduction on the trap. However, evolved behavioural 

preference promotes adaptation to the trap by a complete host-shift and allows parasitoids 

to evolve avoidance of their unsuitable host, minimizing suboptimal host choices.  

Non-reproductive host killing constrains evolution 

Even when parasitoids are not able to exploit hosts for reproduction, their attack can still 

reduce host survival rate due to e.g., wounding or immune defence costs (Abram et al., 

2016; Abram et al., 2019; Kruitwagen et al., 2021). Previous empirical and modelling 

studies showed that magnitude of non-reproductive host killing can influence host-

parasitoid population dynamics via direct and indirect interactions (Heimpel, Neuhauser, & 

Hoogendoorn, 2003; Kaser, Nielsen, & Abram, 2018). We found that when incompatible 

host interactions result in host killing it also influences the parasitoids’ ability to adapt to a 

trap host. This adaptation entails establishing a novel compatible host-parasitoid 

relationship. While adaptation to the trap consistently occurred when parasitoids did not 

affect survival of their unsuitable host, adaptation can be constrained when parasitoid attack 

is destructive for the host. This is because the removal of resources through non-

reproductive host killing increases the strength of competition with (generalist or specialist) 

genotypes compatible with the trap host and can therefore hamper their evolution. In fact, 

when parasitoids exhibit non-reproductive host killing of unsuitable hosts, their strategy 

appeared to be an “evolutionary dead end”: parasitoids remained attacking the trap without 
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changing their host use tactic to include the host into their repertoire. This occurred in 

particular when (1) specialist parasitoids were more efficient in parasitizing their host 

compared to genotypes with a generalist host use strategy and (2) the encounter rate with 

the trap host was high as a result of a high efficiency to find host patches and random-host 

selection behaviour. This makes sense as a high encounter rate increases the parasitoids’ 

impact on the host population size and thus their competitive advantage.  

One might expect that the parasitoid population might eventually become extinct when they 

frequently attack unsuitable hosts and do not change their host use tactic upon invasion of 

an unsuitable host under non-reproductive host killing scenario. Yet, persistence was 

possible due to presence of sufficient suitable hosts supporting the parasitoid population as 

we assumed hosts to have a relatively high intrinsic growth rate. This is in line with 

previous modelling studies showing that presence of a trap host reduces parasitization 

pressure on the suitable host, favouring the suitable host population and thus supporting the 

parasitoid (Heimpel et al., 2003; Kaser & Heimpel, 2015; Kaser et al., 2018). In our model, 

we assumed a fixed high intrinsic growth rate and equal number of host-patches of each 

host. In nature however, variation in environmental factors such as climate conditions and 

resource quality and quantity might cause temporal variation in the hosts’ reproduction 

potential and carrying capacity (e.g., Behrman, Watson, O'Brien, Heschel, & Schmidt, 

2015; Lue, Borowy, Buffington, & Leips, 2018). As the host community structure 

influences the magnitude and direction of selection of the parasitoid, future modelling 

studies could focus on how more complex host population dynamics (e.g., by (stochastic) 

changes in reproductive potential of the hosts and the relative number of host patches) 

influence the role of non-reproductive host killing on the evolutionary trajectory of the 

parasitoid. 

Bad motherhood and evolution of host-preference 

Confronted with an unsuitable trap host, parasitoids might adapt by changing their 

physiological host use strategy to overcome the hosts’ defence barriers. Although this 

allows parasitoids to evolve a new compatible host-parasitoid relationship, this does not 

always reduce suboptimal host choices that provide a solution for ‘bad motherhood’. This 

might arise as result of the ‘jack of all trades are masters of none’ assumption which 

postulates a generalist-specialist trade-off (Futuyma & Moreno, 1988). Indeed, we found 

that when generalists bear significant costs, it is more profitable to specialize to the trap by 

adopting a specialist host-use tactic. When parasitoids lose their ability to use their original 

host and do not (yet) evolve behavioural avoidance of these original hosts this can still 

result in suboptimal host choices, i.e., their physiological and behavioural host-range do not 

match. However, note that this scenario might be a temporal stage rather than a realistic 

long-term scenario when host-preference evolves. Moreover, despite the fact that 

adaptation by specialization can thus maintain ‘bad motherhood’, the parasitoids can 

contribute to biological control of the novel host. 

We found that ‘bad motherhood’ can be lifted when parasitoids also exhibit genetic 

variation in host preference. Joint evolution of host-preference and performance (host use 

tactic) enables parasitoids to maximize their reproduction by reducing their time spend in 
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suboptimal host patches, resulting in host choices that match their performance. This is 

relevant as traits that influence host localisation and preference in various parasitoid species 

are found to be influenced by genetics (e.g., Rolff & Kraaijeveld, 2001; Dubuffet, Álvarez, 

Drezen, Van Alphen, & Poirié, 2006; Desjardins et al., 2010; Hopper et al., 2019). The 

model showed that evolution of host preference promotes evolution of host-use specialists 

by increasing their advantage over generalists and reducing suboptimal host decisions.  

Interestingly, the evolution of host-preference allowed two distinct specialist parasitoids 

strategies to co-exists with respect to the trap: one specialised on the trap host and one that 

evolved behaviour avoidance of the trap host. Likewise, resource-consumer studies showed 

that evolution of habitat choice qualitatively changes adaptation by promoting specialist 

over generalist and allowing different specialists to coexists (Rueffler, Van Dooren, & 

Metz, 2007; Ravigné, Dieckmann, & Olivieri, 2009). Evolution of host preference and 

performance might therefore set the stage for ecological speciation when the two 

populations become genetically isolated (Poisot, Bever, Nemri, Thrall, & Hochberg, 2011). 

Yet, note that genetics will be important in determining the scope for joint diversification of 

preference and parasitization strategies (see below). 

Despite genetic variation in host-preference, we found that ‘bad motherhood’ can still 

persist when parasitoids’ efficiency to locate host patches is low. According to optimal 

foraging models for time-limited parasitoids, females should maximize their host encounter 

rate to maximize their reproductive output (Comins & Hassell, 1979; Wajnberg, 2006). Our 

findings are in agreement with other studies (McNamara, Houston, and Weisser (1993); 

e.g., Barrette, Boivin, Brodeur, and Giraldeau (2010)) that found that optimal foraging 

decreases when travel time between patches is long, i.e., accepting less profitable 

hosts/prey becomes the best strategy to maximize reproductive output. This however might 

not be the case for egg-limited parasitoids (such as synovigenic insects) as they are 

predicted to maximize the quality of hosts they accept rather than their host encounter rate 

(Minkenberg, Tatar, & Rosenheim, 1992; Fletcher, Hughes, & Harvey, 1994). A thorough 

understanding of possible outcomes under egg-limitation would require a similar modelling 

approach as outlined in this paper. Nevertheless, this model together with previous studies 

shows that genetics, behavioural and physiological factors can constrain parasitoids to 

evolve matching host-preference and host-performance, explaining why parasitoids’ host 

selection behaviour is not always in agreement with their physiological host use capacity 

and thus results in a discrepancy in their behavioural and physiological host-range (e.g., 

Thompson, 1988; Cronin, Abrahamson, & Craig, 2001).  

Genetic assumptions and evolutionary trajectory 

We assumed haploid genotypes with two single unlinked loci determining host use and host 

preference with clonal inheritance. It has to be considered however that many parasitoids 

reproduce sexually through haplodiploidy (arrhenotoky) meaning that unfertilized eggs 

arise through meiosis and develop into males, and females arise after mating through fusion 

of two gametes and are diploid (Godfray & Cook, 1997; Heimpel & De Boer, 2008). 

Moreover, recombination between traits can occur in sexually reproducing parasitoid 

females at a frequency that seems to be similar to diploid higher eukaryotes (Beukeboom et 
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al., 2010; Niehuis et al., 2010). Consequently, in nature, this may retard/prevent adaptation 

by specialisation under joint evolution of host preference and parasitization strategy 

through continuous recombination between genotypes (Felsenstein, 1981; Doebeli & 

Dieckmann, 2000) or may speed up selection by bringing together the two traits 

(Felsenstein, 1974; Marais & Charlesworth, 2003) depending on e.g., recombination 

frequency and population size. As our model does not allow for recombination, a similar 

outcome of the model would be observed if traits interact via epistatic or pleiotropic effects 

in a sexual reproducing parasitoid species with multilocus genetics, such as when the 

expression of host preference would be developmentally coupled to the expression of 

parasitisation strategy. Alternatively, matching host-preference with parasitization 

performance might arise through simultaneous but independent selection on both traits. In 

fact, the latter seems more likely as empirical studies indicate that physiological traits have 

no pleiotropic effect on behaviour (host choice) in parasitoids and may therefore evolve 

parallel to each other (Rolff & Kraaijeveld, 2001; Dubuffet et al., 2006).  

Another factor to keep in mind is that both host-preference and performance are often 

considered to be complex behavioural and physiological traits (Vinson & Iwantsch, 1980; 

Vinson, 1998), potentially controlled by multiple (linked) loci (Hawthorne & Via, 2001; 

Desjardins et al., 2010; Werren et al., 2010; Huang et al., 2021). Moreover, studies show 

that behaviour and physiological traits generally have low heritability (Mousseau & Roff, 

1987; Stirling, Réale, & Roff, 2002; Dochtermann, Schwab, Anderson Berdal, Dalos, & 

Royauté, 2019; Kruitwagen et al., 2021), suggesting that they are also influenced by 

variation in environmental conditions. For example, we found in a previous study that 

heritability of attack rate and non-reproductive host killing in L. heterotoma with regard to 

the invasive D. suzukii host is h2 = 0.2 (Kruitwagen et al., 2021). Moreover, traits involved 

in foraging in parasitoid species are known to be influenced by experience with host-plant 

complexes (Turlings, Wäckers, Vet, Lewis, & Tumlinson, 1993; Vet, Lewis, & Carde, 

1995). Hence, these genetic factors might change the evolutionary trajectory by altering the 

rate of evolution and/or which traits are selected (Kawecki, 1998; Fellowes & Travis, 

2000). For instance, on the one extreme, lack of evolution in host-preference under 

expression of non-reproductive host killing may seriously constrain evolution of 

specialization as we have shown in our model with universal host acceptance (random host 

searching). 

Here we assumed that non-heritable factors influence the length of the vulnerable period in 

which hosts can be parasitized. However, studies show intra-specific genetic variation in 

host resistance to parasitoid attack (Fellowes, Kraaijeveld, & Godfray, 1998; Kraaijeveld, 

Van Alphen, & Godfray, 1998; Gerritsma, de Haan, van de Zande, & Wertheim, 2013). 

Hosts could evolve counter resistance to parasitoid attack, which can consequently result in 

a co-evolutionary arms race in virulence and resistance (Kawecki, 1998; Sasaki & Godfray, 

1999; Fellowes & Travis, 2000). An interesting next step would therefore be to incorporate 

parasitoids’ virulence and host resistance in this model to further investigate the 

evolutionary response of the parasitoid under different outcomes of host compatibilities. 

Lastly, it should be noted that in case of novel invasive species, parasitoids might not 

always possess heritable genetic variation to exploit them as they might exhibit defence 
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strategies novel to the parasitoid (Firlej, Girard, Brehélin, Coderre, & Boivin, 2012; Abram 

et al., 2014; Kruitwagen et al., 2021). Such lack of variation can thus hamper the 

establishment of a novel host parasitoid interaction and biological control, making 

evolution of trap avoidance more likely when genetic variation is present.  

Conclusion 

In conclusion, we show that non-reproductive host killing is important for the evolutionary 

host-parasitoid dynamics and outcome in the situation of a novel unsuitable host species. 

Moreover, our study underlines that not only the parasitoids’ genetics should be studied, but 

also the parasitoids’ behaviour, in particular the magnitude of non-reproductive host killing 

and host-finding ability, in their natural environment to predict whether and how parasitoids 

might adapt to the trap. This together with insight in time allocation ‘decisions’ of a 

particular host-parasitoid system is in fact of great value for pest control: time allocated to 

traveling relative to residency on different patches will determine their success to suppress 

pest populations (Mills & Wajnberg, 2008; Wajnberg et al., 2016). Hence, whether and 

how parasitoids evolve influences their host-range, and thus their ability to regulate novel 

hosts and their value for biological control.  
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Because, 

 “Species in pure isolation simply do not make any sense” 

John N. Thompson 1999 

 

 

 

 

 

 

 

 

 

Parasitoids must find, attack and lay eggs in or on hosts to provide their offspring with all 

the resources for their development. This entire process of parasitization is key for 

understanding and predicting their ecology and evolution, because it directly influences the 

parasitoids’ fitness and ecological niche (Godfray, 1994; Bailey et al., 2009). As such, 

parasitoids can have large ecological consequences by reducing population size of the host, 

which in return can have cascading effects via direct and indirect interactions on other 

species and influence the structure and dynamics of ecological species networks (Hassell & 

Waage, 1984; Thierry, Hrček, & Lewis, 2019). The parasitization process also determines 

the efficiency of parasitoids to control insect populations that are agricultural pests and is 

therefore important from a pest management perspective. Hence, the study of parasitization 

aids understanding and predicting the evolutionary ecology of parasitoids and can be 

important for development of biological pest control strategies. The parasitoids’ 

dependence on the host for their reproduction, however, also makes them vulnerable to 

changes in host species diversity and abundance. Parasitoids therefore cannot be understood 

in isolation, but only by their interaction with their hosts and the environmental factors they 

encounter.  

In this thesis I investigated the evolutionary ecology of parasitization to establish how 

native parasitoids respond to a novel invasive host and to apply this knowledge for 

improvement of biological pest control. I combined experimental and computational 

methods integrating behavioural biology, quantitative genetics, microbiology and 

evolutionary biology of native parasitoids in response to a new potential host, the invasive 

pest Drosophila suzukii.  
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Linking evolutionary ecology and biological pest control 

The establishment and spread of exotic species outside their native range can be facilitated 

by a release from natural enemies. Even though the exotic species may encounter generalist 

natural enemies in the invaded range that could potentially exploit the exotic species, these 

enemies did not co-evolve with the invader, which may make them inefficient or even 

incompatible. Interestingly, native natural enemies in the invaded range might exhibit 

natural genetic variation in traits that influence exploitation of the invader e.g., their 

willingness and efficiency to find and attack the novel species. Consequently, although the 

immediate performance of natural enemies in the invaded area may be inefficient, evolution 

might occur towards higher exploitation efficiency when there is heritable genetic variation 

in traits relevant for exploitation of the invader.  

Presence of genetic variation for parasitization behaviour and performance can be used for 

development of biological pest control strategies. For the effective exploitation of this 

variation, however, insight is needed in the fundamental biology of the natural enemy, the 

pest and the ecological conditions of the target area for release. We therefore proposed a 

four-step approach to investigate the potential of natural enemies such as parasitoids to 

control (invasive) pests, and to design a method to optimize their efficiency for 

augmentative biocontrol based on utilization of natural variation within and between 

species (Figure 2, Chapter 3). This four-step approach comprises the determination of 

variation (1) between species to choose the most promising candidate able to parasitize the 

pest. When the candidate species exhibits suboptimal performance, the next steps are to 

determine (2) variation within species in parasitization traits, and assess the (3) genetic and 

environmental factors that shape phenotypic variation to predict the efficiency in the target 

area for biological control and to (4) design a breeding program to further exploit variation 

to optimize their performance. Presence of heritable variation allows for the selection of the 

best genotypes to optimize performance for controlling the pest. Artificial selection in 

particular can speed up and direct evolution by selecting for lower or higher values in those 

traits that could be useful in the biocontrol practises.   

Following the proposed four-step approach, I investigated the potential of this method for 

optimization of parasitoids for controlling D. suzukii. These results, together with an 

individual-based model study, allowed me to examine how native natural enemies in the 

invaded range might respond to invasive species by evolution. 

Parasitoids vary in their ability to parasitize D. suzukii: inter-specific variation 

Parasitoid species show large variation in the range of hosts species they can use for 

reproduction. The ability to exploit a novel host, such as D. suzukii, depends on the 

parasitoids’ parasitization strategy. Pre-requirements to include a novel host into their 

repertoire are the ability to localize the host, to oviposit, and to circumvent host resistance 

for successful offspring development (Chapter 3, Fig 1). Studies on host resistance 

mechanisms towards parasitoids have shown that the host immunological defensive barrier 

is an important factor restricting parasitoids to use a wide range of hosts. Survival of 

immature fruit flies mainly relies on their ability to form a capsule around the wasp egg to 
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sequester it and prevent it from developing (Carton & Nappi, 1997). These are formed by 

specialized circulating cells called haemocytes (Russo, Dupas, Frey, Carton, & Brehelin, 

1996; Lavine & Strand, 2002). Interestingly, Drosophila species and populations exhibit 

large variation in haemocyte load (Eslin & Prevost, 1996; Gerritsma et al., 2013), and D. 

suzukii has a relative high constitutive number of circulating haemocytes enabling them to 

readily kill parasitoid eggs (Kacsoh & Schlenke, 2012; Poyet et al., 2013). Hence, the 

ability to circumvent the host encapsulation response is a crucial factor for establishment of 

a novel D. suzukii -parasitoid interaction.  

We reviewed all known parasitoid species that have been found and tested in field and 

laboratory studies, and that occur in the invaded area of D. suzukii in Europe and North 

America. Our analysis revealed that from the 17 investigated parasitoid species, only 3 

were able to use D. suzukii for reproduction (Kruitwagen et al., 2018). Among them are two 

pupal parasitoids, Trichopria drosophilae and Pachycrepoideus vindemmiae, and one larval 

parasitoid Leptopilina heterotoma. Interestingly, whereas the first species is rarely reported 

in temperate regions of Europe, the latter two parasitoid species were also found during 

field work at soft fruit farmers in the surroundings of Wageningen in the Netherlands in 

2016 (unpublished results, A. Kruitwagen, A. Panel and J. Alkema). Pupae of D. suzukii 

have no/limited resistance against parasitoids and are thus more vulnerable to parasitization 

than the larval stage. The wide host-range of P. vindemmiae and their ability to parasitize 

other parasitoids (i.e., to hyperparasitize), however, makes this species not a good candidate 

for biological control due to high risk of non-target effects. We therefore focused on L. 

heterotoma to further investigate its potential to adapt to D. suzukii and be used as 

biocontrol agent. 

Parasitoids vary in their ability to parasitize D. suzukii: intra-specific variation 

Following the step-wise approach proposed in Chapter 2, I next estimated the amount of 

intra-specific variation in L. heterotoma to parasitize D. suzukii. I designed a standardized 

parasitization performance test and examined seven European L. heterotoma populations. 

In line with previous studies (Chabert et al., 2012; Kacsoh & Schlenke, 2012; Mazzetto et 

al., 2016; Stacconi et al., 2017; Iacovone et al., 2018), parasitoids were unable to 

circumvent host resistance and exploit D. suzukii for reproduction: of the 2070 fly hosts that 

were exposed to parasitoids, only five yielded offspring. Interestingly, parasitoids were able 

to attack and kill D. suzukii, and attack and host-killing rate varied significantly between 

populations, indicating intra-specific genetic variation (Chapter 3). This parasitoid-induced 

host mortality without reproduction is thus an additional source of host mortality, next to 

host mortality due to offspring development. As such, these results show that L. heterotoma 

could influence population growth of D. suzukii in their invaded range. We hypothesized 

that this can therefore be an interesting target trait for biological control.  

We limited our research on the direct effects of parasitoid attack on host survival. Yet, other 

fitness consequences could also contribute to the impact of native natural enemies on 

invasive pests. For example, Drosophila that survived parasitoid attack but carry an 

encapsuled wasp egg can suffer reduced fecundity (Fellowes, Kraaijeveld, & Godfray, 

1999) and higher vulnerability to desiccation and starvation (Hoang, 2001). To further 
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assess the impact of native larval parasitoids on the invasive host population, one could 

focus on sublethal effects next to host-killing: to what extent do flies that survived 

parasitoid attack suffer? This could be done by testing the fitness consequences of capsule 

bearing flies by comparing the survival, reproduction and dispersal abilities of flies with 

and without an encapsulated wasp egg.  

Causes of variation in parasitization in L. heterotoma  

In Chapter 3, I reported large intra-specific variation in various traits involved in 

parasitization. For evolution to occur, however, at least part of that variation needs to have 

a genetic basis that selection can act upon. Hence, the third step to investigate the 

evolutionarily potential of the parasitoids is to answer the question, “what causes the large 

phenotypic variation in parasitization?” (Chapter 2). To answer this question, I conducted 

two experiments focussing on genetic and environmental factors.  

First, I crossed seven populations to form a genetically variable population and performed a 

half-sib analysis to measure two indices of genetic variation: additive genetic variance (Va) 

and heritability (Va/Vtotal) of different traits that determine the outcome of parasitization 

(Figure 1, Chapter 3). These traits include (1) attack rate, the parasitoids’ ability and 

willingness to find and exploit hosts, (2) killing rate, the parasitoids’ ability to reduce the 

survival rate of the attacked hosts, (3) lethal attack rate, the efficiency by which the 

attacked hosts are killed, and (4) successful parasitism, the parasitoids’ ability to 

circumvent host resistance for offspring emergence, thus whether host killing results in 

parasitoid offspring. Using a Bayesian animal model and pedigree data describing all 

known relationships, I found that the attack and killing rate had a heritability ℎ2 = 0.2, 

lethal attack rate had a ℎ2 = 0.4 and successful parasitism ℎ2 = 0.0. Although multiple 

studies have estimated genetic variation in traits that influence parasitism (Cronin & Strong, 

1996; Olson & Andow, 2002; Henry et al., 2010), this study is one of the first to explicitly 

estimate and compare the heritability of different traits that influence the final outcome of 

parasitization, and to show genetic variation in non-reproductive host killing. The results of 

this study provided evidence that selective breeding can be used to improve traits in L. 

heterotoma that enhance their potential as biocontrol agents (step 3, Chapter 2), in 

particular through increased efficiency of non-reproductive host killing (Chapter 4). It also 

inspired the modelling study to predict how non-reproductive host killing influences host-

range evolution (Chapter 6). 

The quantitative genetic analysis showed that heritability of host-killing was ℎ2 = 0.2 

(Chapter 3), indicating that this trait is also for a large part influenced by non-genetic 

factors. Therefore, we tested the influence of two environmental factors known to influence 

parasitoids’ fitness: (1) the developmental host quality by manipulation of host nutrition 

and (2) the endosymbiont Wolbachia, releasing the parasitoid from the physiological costs 

of carrying the endosymbiont. 

By providing parasitoids with different quality hosts, we demonstrated that the 

developmental host has a significant influence on the parasitoids’ phenotype: wasps 

cultured on relatively low-quality hosts produced fewer offspring, these offspring were 
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smaller and showed a lower killing rate of D. suzukii. This study thus confirmed that the 

often-reported positive relationship between size and fitness in insects can also be applied 

to non-reproductive host killing. It should be noted, though, that killing without 

reproduction is not a direct measure of evolutionary fitness (see also below). Nonetheless, 

manipulation of developmental hosts could be used to develop more efficient biocontrol 

agents by using (mass-)rearing techniques increasing the quality of hosts for parasitoid 

development. Moreover, these results indicate that variation in host quality might be an 

important factor inducing plastic changes in the parasitoids’ phenotype in the field. 

Parasitoids for example encounter hosts that occur in different micro-habitats (e.g., climatic 

conditions, resources) influencing their ‘quality’ for the parasitoid. Hence, such variation 

within hosts may sustain intra-specific variation at the higher trophic level, i.e., the 

parasitoids.   

Host-induced changes in the magnitude of non-reproductive host killing may also influence 

host-range evolution in parasitoids. The model presented in Chapter 6 shows that the 

likelihood that parasitoids will adapt to a novel initial unsuitable host, such as D. suzukii, is 

influenced by the magnitude of non-reproductive host killing. If, for example, a genotype 

appears in a parasitoid population that is able to exploit D. suzukii by exhibiting non-

reproductive host killing, this genotype has a low chance to ‘invade’ the parasitoid 

population. In other words, killing unsuitable hosts can hinder specialisation on a novel 

host, resulting in host-range conservation (Chapter 6). On the other hand, host-induced 

plastic changes might in theory also increase the parasitoids’ success in a novel habitat, 

creating conditions for adaptation. This could occur for instance when parasitoids 

developing in ‘high quality hosts’ show an increased likelihood to successfully reproduce 

on D. suzukii. The results presented in this thesis indicate however that this scenario is 

unlikely to occur in L. heterotoma.  

Three successive generations of heat-shock treatment did not remove Wolbachia in L. 

heterotoma, indicating that Wolbachia-parasitoid interaction is tolerant to heat stress. This 

makes it impossible to infer whether or not Wolbachia infection contributes to the 

phenotypic variation observed in the investigated parasitization traits, and whether it 

reduces the wasp’s ability to parasitize D. suzukii successfully. To further test the influence 

of Wolbachia on the parasitoids’ fitness, antibiotics could be used as an alternative method 

to remove the endosymbiont. This would be interesting as studies have shown that L. 

heterotoma has reduced fitness when they harbour Wolbachia (Fleury et al., 2000; Fytrou et 

al., 2006), suggesting that this bacterium might be an important factor hampering L. 

heterotoma’s success to parasitize D. suzukii and its efficiency as biocontrol agent.  

From an ecological perspective, this study suggests that heat-tolerance, next to reproductive 

manipulation (cytoplasmatic incompatibility)(Mouton et al., 2005), might enable 

Wolbachia to persist in L. heterotoma populations. Yet, multiple factors can influence the 

response of the Wolbachia - L. heterotoma association to temperature, such as the 

parasitoids’ genotype and microbiome and the temperature “regime”, e.g., low or high 

temperature and exposure time (Mouton et al., 2007; Ross et al., 2017). To further 

investigate whether and how the Wolbachia - L. heterotoma interaction is influenced by 
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temperature, the next step would be to test different parasitoid strains over a large range of 

temperature regimes and measure Wolbachia titer and fitness-related traits. This will give 

more insight in the parasitoids’ ecology under different climatic conditions and how it may 

respond to global warming.  

The results presented in Chapter 3 and 4 show that variation in the final outcome of 

parasitization is influenced by both genetic and environmental factors. Other sources of 

variation that could be important to understand the mechanistic basis of (non-)reproductive 

host killing are the parasitoids’ venom composition and quantity (Colinet et al., 2013; 

Cavigliasso et al., 2019), the parasitoids’ response rate to host(habitat) cues (Wiskerke, 

Dicke, & Vet, 1993; Vet et al., 1995; Wertheim, Vet, & Dicke, 2003) and experience of 

host finding and host preference (Papaj & Vet, 1990; Vet et al., 1995). This can give more 

insight in the fundamental aspects of parasitoid biology, such as what determines host 

specificity, and it can help to improve efficiency of parasitoids as biocontrol agents.  

Artificial selection for non-reproductive host killing in L. heterotoma on D. suzukii 

Parasitoids that kill hosts without getting the benefit from offspring development have less 

time and fewer eggs left for finding and parasitizing suitable hosts. Non-reproductive host 

killing is therefore clearly a maladaptive trait and is not expected to be selected and evolve 

in nature. Yet, as it (1) augments the parasitoids’ ability to control host population sizes and 

(2) it is influenced by genetic factors (Chapter 3), we hypothesized that we could artificially 

select on host-killing performance for optimization of parasitoids for biocontrol (step 4, 

Chapter 4). There are several ways of studying how to improve host-killing performance. 

For example, one could choose the best strain(s) available for their biocontrol efficiency or 

apply a “quick and dirty” experimental evolution approach by placement of parasitoid and 

D. suzukii populations together and just selecting the parasitoids able to reproduce each 

generation or follow the parasitoids dynamics over several generations without interference 

to see whether and which parasitoids will be selected (Tom Groot, personal 

communication; Lommen et al., 2017; Kruitwagen et al., 2018). There are several reasons 

why we chose for artificial selection on non-reproductive host killing instead. Firstly, by 

artificially selecting on host-killing we might select on a suite of underlying traits. For 

example, we might indirectly also improve the wasps’ search efficiency, host-preference 

and offspring survival. Secondly, crossing of different genotypes might result in new allelic 

combinations at various loci, enabling to substantially improve host-killing and circumvent 

host resistance. Thirdly, artificial selection also gives insight in the fundamental aspects of 

host-range evolution and establishment of novel host-parasitoid relationships. Although 

these factors are also a good argument for running experimental evolution, it has to be 

taken into account that experimental evolution is complex when two species interact over 

multiple generations to ensure their survival and thus host and parasitoid population 

persistence. As humans (the experimenters) are the selective agents in artificial selection, 

the strength and consistence of selection can be controlled. This is required in particular in 

this system due to low of variation and near zero heritability of offspring survival in D. 

suzukii (Chapter 3). Hence, if one would attempt to run experimental evolution, the 

parasitoid population size would be reduced significantly after already one generation, 



Chapter 7 | General discussion 

 

139 

 

losing any potential beneficial alleles quickly. This makes it almost impossible to establish 

a self-sustaining host-parasitoid system in which parasitoid evolution can take place. 

Hence, we tested whether killing rate could be improved by artificial selection as a proof of 

principle.  

In Chapter 4, we attempted to improve parasitization traits by selective breeding for 

biological control. Despite additive genetic variance in killing rate (Chapter 3), we found a 

low and inconsistent response to selection indicating that phenotypic change might also 

have occurred due to drift rather than selection. Moreover, realized heritability was 0.17 

after four generations, but zero after seven generations of selection. We concluded that non-

reproductive host killing is sensitive to the environmental conditions in the laboratory, and 

in our artificial selection experiment, it was most likely affected by improving D. suzukii 

fitness over the course of the experiment. As such, presence of genetic variation does not 

guarantee a response to selection, even under fairly strong selection. Interestingly, we did 

find a consistent and strong correlative response in the attack rate (15% improvement 

relative to control lines), suggesting that evolution did occur and that this trait was less 

influenced by environmental factors.  

Selection on host-killing did not improve successful parasitism, confirming a lack of 

genetic variation in offspring developmental success, as also found in the half-sib analysis 

(Chapter 3). In other words, parasitoids accept D. suzukii as a host, but do not possess 

adequate mechanisms to circumvent host resistance (e.g., venom composition). These 

results thus confirm the hypothesis that the relative high host resistance (haemocyte load) is 

a key characteristic that enables D. suzukii to escape from larval parasitoids present in the 

invaded range now (Kacsoh & Schlenke, 2012; Poyet et al., 2013) and that - in the case of 

parasitoid L. heterotoma - this will also not happen in its “evolutionary future”. In other 

words, the results of the half-sib analysis and selective breeding of L. heterotoma 

demonstrate that it is unlikely that this species will include D. suzukii in its range of hosts 

on which it can reproduce. It has to be noted, however, that the results are based on seven 

European populations. Sampling and testing of other populations would be required to 

further investigate whether a novel viable parasitoid-host interaction could establish. This is 

relevant as populations can show large genetic variation in traits that influence 

parasitization process.  

A next step to understand which traits influence host-range evolution would be to link the 

underlying genetic, behavioural and physiological mechanisms. This will ultimately give 

insight whether and how such evolution could occur and thus the organisms’ adaptive 

capability. This information can also help to find key traits that determine parasitization 

success in different hosts and aid selecting of parasitoids for biological control. For 

example, we found that parasitoids exhibit genetic variation in attack rate, i.e., ability and 

willingness of L. heterotoma to find and exploit D. suzukii (Chapter 3). It is known that L. 

heterotoma uses sensilla in their antennae (Vet, Jong, Giessen, & Visser, 1990) and 

chemoreceptors on the tip of their ovipositor during parasitization to decide whether they 

accept a host (van Lenteren et al., 2007; Ruschioni, van Loon, Smid, & van Lenteren, 

2015). It would therefore be interesting to compare the expression of olfactory and 
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chemoreceptor genes in these tissues in L. heterotoma strains and other parasitoids that 

differ in host range and their ability and willingness to parasitize D. suzukii, to test the role 

of sensory perception in change in host recognition and acceptance. Similar approaches 

have been taken in the parasitoids Nasonia vitripennis (Pannebakker, Trivedi, Blaxter, 

Watt, & Shuker, 2013) and Chouioia cunea (Zhao et al., 2016). 

Another promising trait that could play an important role in host-range evolution is the 

parasitoids’ venom. Venom is known to play a key role in parasitization by suppression of 

host immunity (Rizki & Rizki, 1990), yet little is known about its capacity to evolve and 

influence host-range evolution in L. heterotoma and closely related species. Interestingly, 

Mathe-Hubert et al. (2019) found that venom composition differs between and within L. 

heterotoma and L. boulardi, of which the latter is a much more specialized species towards 

a few closely related Drosophila host species while L. heterotoma is considered a rather 

broad generalist able to use a wide range of Drosophila hosts. Moreover, Wey et al. (2020) 

found that venom contains virus-like particles that are encoded in the wasps’ genome and 

can thus be vertically transmitted. These results, together with the genetic variation in non-

reproductive host killing presented in this thesis, questions which venom factors are 

involved in exploitation of different hosts, whether venom composition can evolve in 

response to host resistance and whether and how venom composition influences the 

magnitude of non-reproductive host killing. The available L. heterotoma genome, 

transcriptome and proteome data (Goecks et al., 2013; Heavner et al., 2013; Wey et al., 

2020) together with the results presented in this thesis paves the way to further investigate 

these questions. Moreover, if a genetic variant of L. heterotoma is found able to reproduce 

on D. suzukii, it would be highly interesting to compare the role of venom composition in 

the transition from non-reproductive to reproductive host killing by comparing different L. 

heterotoma lines.    

Influence of non-reproductive host killing on host-range evolution  

It seems surprising that parasitoids exhibit genetic variation in host-killing without 

reproduction as this does not give parasitoids a direct fitness benefit. Non-reproductive host 

killing therefore is likely a by-product of evolution on parasitizing of other hosts. However, 

the invasive pest can act as a ‘trap’ when native parasitoids such as L. heterotoma attempt 

to exploit it without being able to circumvent host resistance. The invasion of a novel 

species like D. suzukii can therefore have a direct negative effect on native species: when 

the encounter rate with the “trap” is high, it can endanger the viability of native parasitoid 

populations. 

Presence of genetic variation in traits that influence parasitization might enable native 

parasitoid populations to persist and be “rescued” by evolution. As such, this raises the 

question how natural enemies will respond in the field to invasion of novel host species. As 

little is known about the ecological and evolutionary consequences of these maladaptive 

host choices, I investigated how genetic variation in host preference and virulence would 

influence the response to an evolutionary trap, and what conditions would favour avoidance 

and adaptation. I explored these questions using an individual-based model, simulating the 

evolution of host-preference and performance in response to invasive species acting as 
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evolutionary trap under different conditions. With this model I show that non-reproductive 

host killing can hamper adaptation resulting in host-range conservation. Moreover, host-

search efficiency and genetic variation in host-preference play a key role in the likelihood 

that parasitoids will include the suboptimal host in their host range or will evolve 

behavioural avoidance resulting in specialization and host-range conservation respectively. 

Invasive species might thus change the evolutionarily trajectory of native species and might 

ultimately drive speciation when parasitoid populations specialize by changing host-

preference and performance.  

To increase our understanding of host range evolution, and to predict these evolutionary 

processes in nature, the next step would be to link theoretical models with field data. 

Laboratory and theoretical studies have greatly advanced our knowledge to understand and 

make such predictions. Yet, field experiments are challenging but crucial, as the results of 

experiments in the laboratory do not always uphold under field conditions. Parasitoids will, 

for example, encounter and interact with other species in the field that are not present in the 

lab and are exposed to fluctuating and unpredictable climatic conditions. To this end, 

environmental, genetic, ecological and demographic data could be used to parameterize 

theoretical models to simulate biological systems under relevant conditions. Specifically, 

predicting the parasitoids’ evolutionary trajectory in this host-parasitoid system would 

require insight in factors that influence the selection pressure in nature such as host-species 

diversity and abundance in time and space (Chapter 6, Kraaijeveld & Godfray, 1999; Fleury 

et al., 2004). Moreover, the results presented in Chapter 6 indicate the importance of 

parasitoids’ foraging efficiency and host preference strategy. Yet relatively little is known 

about these behaviours, in particular in different complex environmental conditions in the 

field. For example: what is the parasitoids’ movement pattern and host-patch encounter rate 

in different environments, do parasitoids prefer certain hosts (or patches) and is there 

genetic variation in host preference? These questions could for example be tested in semi-

field experiments using different spatial arrangement of host patches (Kostenko et al., 2015; 

Aartsma et al., 2019), integrated with mark-release-recapture techniques (Hagler, Jackson, 

Henneberry, & Gould, 2002). Moreover, sensor and computer technologies could 

potentially be used (in the future) to gain more insight in insect behaviour and movement 

such as camera-equipped traps in the field for automatic insect detection and monitoring 

(Preti, Verheggen, & Angeli, 2020), harmonic radar monitor and tracking methods 

(Chapman, Reynolds, & Smith, 2004; Chapman, Drake, & Reynolds, 2011; Daniel 

Kissling, Pattemore, & Hagen, 2014) or integrating 3D tracking and virtual reality to 

quantify insect behavior by mimicking field conditions (Fry, Rohrseitz, Straw, & 

Dickinson, 2008; Kaushik & Olsson, 2020).  

Biological control of D. suzukii  

Drosophila suzukii lays its eggs in a wide range of crop and non-crop fruits (Burrack, 

Fernandez, Spivey, & Kraus, 2013; Poyet et al., 2015; Kenis et al., 2016). Most soft and 

stone fruit growers use integrated pest management (IPM), aiming to keep insecticide use 

to a minimum to prevent residues on their end products and prevent negative effects on 

natural enemies (Herman Helsen, personal communication; Daane, Vincent, Isaacs, & 
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Ioriatti, 2018; Rodriguez-Saona, Vincent, & Isaacs, 2019). The introduction of D. suzukii 

however challenges IPM, due to lack of non-chemical control options (Haye et al., 2016). 

The release of natural enemies (i.e. augmentative biocontrol) and stimulating resident 

enemies in the surroundings (i.e. conservation biocontrol) may contribute to development 

IMP strategies for soft and stone fruits.  

Leptopilina heterotoma 

The results presented in Chapter 3 and 4 show that L. heterotoma might participate in the 

field in controlling D. suzukii. The parasitoid kills on average 30% of D. suzukii in a 

standardized laboratory trial, but this can reach even up to 100% (Chapter 3,4). 

Furthermore, the species was found in areas where the pest is active and causes fruit 

damage (Kruitwagen et al., unpublished results). We therefore next aimed to quantify the 

parasitoids’ efficiency to control D. suzukii populations by releasing parasitoids that were 

selected on killing ability of D. suzukii in cages under greenhouse conditions. These results 

showed, however, that L. heterotoma had no effect on blueberry infestation and D. suzukii 

population size (Bierman et al., unpublished results). Moreover, based on inspection of D. 

suzukii flies emerging from the infested berries, the parasitoids’ attack rate was low, as 

<2% (n=694) of the emerged flies contained an encapsulated wasp egg. One factor that 

could have reduced the wasp’s efficiency was their low motivation to search for hosts. The 

experimental conditions of this experiment may have been suboptimal, due to practical 

constraints: the parasitoids were relatively old (> 2 weeks), they had no access to food 

(sugar) during their two-week stay in the cages and were exposed to fluctuating 

temperatures that reached below their optimum (<20 °C).  

Hence, the value of L. heterotoma for controlling D. suzukii in the field and as part of 

biocontrol program is not yet clear and more research is needed to test the parasitoids’ 

efficiency to control the pest. This should focus in particular on (the improvement of) the 

parasitoids’ motivation and ability to detect presence of the hosts from a distance in 

greenhouses and/or in open field (e.g., orchards and vineyards). This could be done by 

testing whether the supplementation of sugar (e.g., honey) and the release of young (<1 

week) and relatively large wasps (Chapter 3) increases the “quality” of L. heterotoma as 

biological control agent. Another future research direction would be to investigate whether 

the motivation and host finding ability might be improved. Previous research has shown 

that the parasitoids’ foraging success is influenced by infochemicals. Parasitoids for 

example use aggregation pheromones of adult Drosophila to detect presence of the host 

from a distance (Wiskerke et al., 1993; Wertheim et al., 2003). Dekker et al. (2015) 

however found that D. suzukii pheromone composition differs from other closely related 

Drosophila species. This might thus infer with localization of D. suzukii by L. heterotoma. 

It would be interesting to investigate whether and how the motivation and host finding 

ability might be improved by exposure to infochemicals pre- or post- release known to 

increase the parasitoids’ foraging success to lure them to the pest (Dicke, van Lenteren, 

Boskamp, & Van Dongen-Van Leeuwen, 1984; Papaj & Vet, 1990; Wertheim et al., 2003; 

Kruidhof, Kostenko, Smid, & Vet, 2019). 
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As L. heterotoma is not able to reproduce on D. suzukii, parasitoids could be released in 

large number for a fast and immediate control. Yet, from a growers’ perspective, it would 

be more profitable when biocontrol agents can provide control over multiple generations. 

To this end, a ‘banker system’ could be used consisting of a suitable host species. This 

however requires that the wasp does not have a high preference for its adapted/suitable 

hosts such as D. melanogaster. Hence, there are several open questions that need to be 

explored, including host finding and preference and whether and how host finding and 

killing can be further improved for biological control (see also above). Another point is to 

investigate the extent of host-killing under different field conditions (e.g., climate, crop and 

species community) because the level of resistance of D. suzukii of laboratory reared flies 

might differ from those in the field. Moreover, the vulnerability of the pest to parasitoids 

might vary between locations as environmental conditions such as temperature, host-plants 

and intra-specific genetic variation can influence their level of resistance (reviewed in 

Chapter 2). The magnitude of non-reproductive host killing could be measured by the use 

of molecular diagnostic tools to detect whether hosts died due to parasitoid attack (Abram 

et al., 2019) and by including controls inaccessible to natural enemies. Moreover, field data 

of host-parasitoid population dynamics and the impact of parasitization in laboratory 

estimates under relevant conditions could be combined and integrated in theoretical studies 

to quantify and predict parasitoid induced host mortality under field conditions.  

Other natural enemies 

Besides L. heterotoma there are several other natural enemies that are currently being 

investigated for biological control of D. suzukii, including European pupal parasitoids (T. 

drosophilae and P. vindemmiae) (Da Silva, Price, & Walton, 2019; Stacconi, Grassi, 

Ioriatti, & Anfora, 2019), Asian larval parasitoids (Asobara japonica, L. japonica and 

Ganaspis brasiliensis) (Girod et al., 2018; Giorgini et al., 2019), earwigs (Forficula 

auricularia) (Bourne, Fountain, Wijnen, & Shaw, 2019) and rove beetles (Dalotia coriaria) 

(Renkema & Cuthbertson, 2018). These alternative natural enemies not only differ in their 

ability to kill D. suzukii, but also in other characteristics important for biological control 

(Chapter 2), such as pest localization ability at various densities of the pest, attack of 

species other than D. suzukii and potential harmfulness to the fruits themselves (e.g., 

earwigs), and climate conditions under which they perform best. Yet, soft and stone fruit 

cultivation is highly diverse, with a wide range of crops and cultivation methods (e.g., 

under glass, plastic and in open ground) (Table 1). There might therefore not be a single 

species of natural enemy that performs best for controlling D. suzukii but, instead, this suite 

of natural enemies represents an array of possibilities that could be used (together) to 

develop solutions tailored to the specific (a)biotic growing conditions of each crop.  
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Table 1 | Soft and stone fruit cultivation in the Netherlands, 2019. Source: CBS 

fruit open in field ha fruit under glass/plastic  ha 

blueberries 949 strawberries 489 

blackberries 42 blackberries 32 

raspberries 252 raspberries 30 

redcurrant 324 other 39 

blackcurrant 206 total 590 

plums 275 

sweet cherries 529 

sour cherries 251 

strawberries 2490 

grapes 160 

other 818 

total 5478 

 

Biological control and IPM 

The efficiency of these natural enemies has mostly been studied in isolation but not in the 

context of other natural enemies and control measures. The next step would be to 

investigate (1) whether these natural enemies could complement each other by release of 

multiple species and (2) how biological control can be combined with other control 

measures such as push-pull (Alkema, Dicke, & Wertheim, 2019), cultural control (e.g., 

exclusion netting) (Leach, Van Timmeren, & Isaacs, 2016), landscape diversity to promote 

natural enemies (e.g., conservation biocontrol) (Schmidt et al., 2019) and resistant crops 

(Kinjo, Kunimi, Ban, & Nakai, 2013; Entling, Anslinger, Jarausch, Michl, & Hoffmann, 

2019) to ultimately develop sustainable integrated pest management strategies for season 

long protection. To this end, it is crucial to take into account the biology of the pest. Field 

monitoring shows, for example, that winter conditions in temperature climates are a 

bottleneck for D. suzukii due to cold temperature and low host plant availability (Grassi et 

al., 2018; Panel et al., 2018), and seasonal population build-up seems to be mainly 

facilitated by overwintered females (“winter morphs”)(Panel et al., 2018). Moreover, 

studies show that the fly moves between different crops and wild plants in the surrounding 

areas throughout the season (Klick et al., 2016; Tait et al., 2018; Delbac, Rusch, & Thiéry, 

2020). These results indicate that IPM strategies to control D. suzukii (1) should already 

start in autumn/winter to reduce the number of overwintering females and slow down 

population build up and (2) could benefit by focussing on surrounding areas (e.g., non-crop 

plants) to prevent their dispersal and use non-crop plants as refuge before colonization of 

commercial plants. This could be done by promotion of natural enemies, placement of bait-

sprays and removal of wild host plants in surrounding areas (“field margins”).  
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Prospects for selective breeding to improve biocontrol agents 

The presence of natural standing genetic variation allows for optimization by selective 

breeding of trait values that are desirable for biocontrol. This method has high potential as 

multiple studies show that traits important for biocontrol exhibit genetic variation 

(Chinchilla-Ramírez, Pérez-Hedo, Pannebakker, & Urbaneja, 2020) and can be improved 

by selecting over multiple generations to shift the average trait value of the population up or 

downwards (Lommen et al., 2017; Lirakis & Magalhães, 2019). Yet, I show that, despite 

the presence of significant heritable variation, this does not ensure a response to selection 

(Chapter 5). Because artificial selection can be a time-consuming and labour-intensive 

method, the results of this thesis underline that it is crucial that several factors need to be 

considered and preferably investigated in advance.  

The potential and feasibility of selective breeding depends on whether the trait can be 

efficiently and accurately be measured and compared among large numbers of individuals. 

In particular for traits that are difficult to record (e.g., behaviour and life-history traits), it 

would therefore be a great advantage to increase measurement ease by, for example, the use 

of cameras for high-throughput phenotyping of relevant traits, automatic recording of traits 

involved in parasitization behaviours (see also above and Chapter 2), or use of molecular 

markers linked to biocontrol trait values of interest (see below) (Lommen et al., 2017; 

Kruitwagen et al., 2018; Leung et al., 2020). The natural enemy should have a relative short 

generation time and should be easily reared in the laboratory. The latter can be challenging 

as it might require rearing of the pest species as well. For example, in our system, the 

fecundity and survival rate of D. suzukii is significantly lower compared to D. 

melanogaster. To this end, rearing could then be done on an alternative host (“factitious 

hosts”) suitable for the parasitoid. Yet, rearing of the pest species remains necessary for 

selective breeding for some traits, such as pest killing ability and this can significantly slow 

down selective breeding of the parasitoid. Moreover, species might adapt to the rearing 

conditions (e.g., host species, abiotic conditions) which can consequently reduce the 

efficiency of the natural enemy under field conditions. The natural enemy should therefore 

be tested under relevant conditions. Also, it is helpful to know which non-additive genetic 

factors influence variation of the target trait (Chapter 2). Traits can for example be greatly 

influenced by dominance and epistatic components of genetic variance (Lommen et al., 

2017) and non-genetic factors including temperature, daily and/or seasonal rhythms, 

artificial diet or host factors (e.g., susceptibility and quality) (Chapter 3,4). As such, these 

factors should be taken into account for the design of selective breeding method and 

maintained constant as much as possible to secure response to selection.  

Intra-specific variation could also be exploited by comparing and selecting the 

strain/population/ family with the best trait values for biological control. This is in 

particular useful if for example one population already meets the requirements for 

biocontrol, there is little genetic variation available to select upon, when it is difficult to 

design a method to efficiently measure a particular phenotype, and/or when the time and 

resources available to conduct selective breeding are limited. Technological advances also 

make it possible to develop methods to estimate breeding values using genetic and genomic 
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data (methods reviewed by Leung et al., 2020). When the genetic architecture of biocontrol 

trait is known for example, molecular markers can be used to improve the accuracy and 

speed of selection process (i.e. marker assisted selection)(Lande & Thompson, 1990). This 

is in particular interesting when the assessment of individual phenotypes is laborious.  

Conclusion 

How will organisms respond to something they do not know and what are the 

consequences? 

There are only a few ways by which organisms can respond to a novel prey or host in their 

habitat/environment: avoidance or exploration. Predicting which strategy results in high 

survival and increases in fitness requires insight in the organisms’ phenotypic, genetic and 

the ecological conditions it encounters. The natural enemy, L. heterotoma, readily explored 

the new invasive pest species D. suzukii, but they do not gain direct fitness benefits as they 

are unable to exploit the new host for reproduction. Their strategy therefore seems 

‘foolishly optimistic’. Mothers are supposed to know what is best for their offspring, but 

they might not always have all required information to act optimally. Yet, although their 

suboptimal host choices can have detrimental effects for population persistence and can 

hamper adaptation towards the pest, their ‘foolishly optimistic’ behaviour can be artificially 

selected for the development of an optimized native biological control agent. Hence, this 

thesis demonstrates the importance of evolutionary biology to halt the impact of invasive 

species: (1) for development of sustainable control methods and (2) for the conservation 

and promotion of genetic diversity between and within species to foster resilience of 

species to changing environments. Moreover, this thesis shows how fundamental and 

applied research questions can complement and inspire each other to find new solutions to 

improve agriculture and to generate new insights in the ecology and evolution of species 

interactions.  
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Chemische bestrijdingsmiddelen kunnen gewassen beschermen tegen schadelijke 

indringers, maar kunnen ook schadelijk zijn voor de mens en natuur. Helaas zijn er niet 

altijd goede milieuvriendelijke alternatieven. Het inzetten van natuurlijke vijanden van een 

plaag kan een oplossing zijn en is van toenemend belang in de landbouw doordat gebruik 

van pesticiden steeds restrictiever wordt. Een van de grote uitdagingen binnen de 

biologische bestrijding is echter om een vijand te vinden die precies de juiste combinatie 

aan eigenschappen heeft om efficiënt de doelsoort – de plaag - in het gewas te kunnen 

vinden en doden. Zeker als het gaat om nieuwe plaagsoorten is dit lastig, omdat bestaande 

vijanden niet altijd effectief zijn. Daarnaast zorgt de continue druk van nieuwe invasieve 

plaagsoorten voor een extra vraag naar de ontwikkeling en verbetering van biologische 

bestrijders. En het aantal nieuwe invasieve soorten zal naar verwachting blijven stijgen door 

verandering in klimaat en globalisering.  

In dit proefschrift hebben we ons gericht op de biologische bestrijding van de Suzuki-

fruitvlieg (Drosophila suzukii). Dit is een exoot die in 2012 voor het eerst in Nederland is 

aangetroffen en sindsdien grote schade toebrengt aan zacht fruit zoals kersen, blauwe 

bessen, frambozen, aardbeien en druiven. Om deze plaagsoort te bestrijden hebben we 

onderzocht of we sluipwespen kunnen inzetten; insecten die eitjes leggen in of op andere 

insecten die uiteindelijk sterven als gevolg van de ontwikkelende sluipwesp larve. Het 

gebruik van inheemse sluipwespsoorten heeft de voorkeur, maar deze hebben vaak een 

beperkte impact op een invasieve soort omdat ze geen evolutionaire geschiedenis delen en 

dus niet de juiste aanpassingen bezitten om de vliegen te parasiteren. Daarom hebben we in 

dit proefschrift de evolutionaire ecologie van sluipwespen-gastheer interacties onderzocht 

om vast te stellen of en hoe inheemse sluipwespen zich evolutionair kunnen aanpassen aan 

de nieuwe invasieve gastheer en om deze kennis vervolgens toe te passen voor verbetering 

van biologische plaagbestrijding. 

Doorgaans worden binnen de biologische bestrijding verschillende soorten getest om 

uiteindelijk een vijand te vinden met de juiste combinatie aan eigenschappen. Hierbij wordt 

voornamelijk gekeken naar variatie tussen soorten. Echter, binnen één soort kan ook grote 

variatie bestaan; individuen kunnen verschillen in eigenschappen die cruciaal zijn om 

plagen te onderdrukken, zoals zoekefficiëntie, reproductiesnelheid en hun vermogen om te 

doden. Als deze variatie ook erfelijk is, is het mogelijk om de soort in het laboratorium 

kunstmatig te selecteren om zo een lijn te creëren met de gewenste eigenschappen 

(Hoofdstuk 2). Een bijkomend voordeel is dat met deze methode er niets kunstmatig wordt 

gemodificeerd aan het genetische materiaal, maar dat juist gekeken wordt hoe we het beste 

gebruik kunnen maken van de genetische variatie die er al bestaat in de natuur.  

Ondanks de grote hoeveelheid theoretisch onderzoek en de succesvolle toepassing ervan in 

planten- en dierenveredeling voor de landbouw, is kunstmatige selectie niet op grote schaal 

toegepast om natuurlijke vijanden te selecteren voor biologische plaagbestrijding. Toch kan 

het gebruik van reeds bestaande natuurlijke genetische variatie een veelbelovende 

milieuvriendelijke benadering zijn om biologische plaagbestrijding te verbeteren. De 
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toepassing van deze methode vormt echter ook een uitdaging voor de integratie van 

fundamenteel en toegepast onderzoek om vragen over evolutionaire processen en 

biologische plaagbestrijding te beantwoorden: wat bepaalt fenotypische variatie en de 

uitkomst van biotische interacties voor de betrokken organismen/soorten, hoe kunnen we 

evolutie sturen en voorspellen, welke factoren kunnen de aanpassing van inheemse soorten 

aan nieuwe invasieve soorten in het veld belemmeren en welke omstandigheden zouden de 

aanpassing vergemakkelijken? 

Om natuurlijke genetische variatie effectief te gebruiken is dus inzicht nodig in 

fundamentele biologie van de natuurlijke vijand, de plaagsoort en de ecologische aspecten 

van het gebied waar de vijand uiteindelijk moet worden ingezet. In hoofdstuk 2 schetsen 

we het belang van het vinden van nieuwe manieren om natuurlijke vijanden te verbeteren 

voor het bestrijden van invasieve plagen. We stellen daarvoor een vier stappenplan op om 

de potentie van natuurlijke vijanden, zoals sluipwespen, te onderzoeken voor biologische 

bestrijding gebaseerd op het gebruik van natuurlijke variatie tussen en binnen soorten. Dit 

omvat (1) bepaling van variatie tussen soorten om de meest veelbelovende kandidaat te 

kiezen die de plaag kan parasiteren. Wanneer deze kandidaat nog niet optimaal presseert, 

zijn de volgende stappen (2) het bepalen van variatie binnen de soort op eigenschappen die 

essentieel zijn voor het bestrijden van de plaag en (3) het onderzoeken van de genetische en 

omgevingsfactoren die fenotypische variatie bepaalt om vervolgens (4) een methode op te 

stellen om de variatie te benutten. Aanwezigheid van erfelijke variatie maakt selectie van 

de beste genotypen mogelijk om de prestaties van de vijand te optimaliseren. Via 

kruisingen en kunstmatige selectie kan de evolutie worden versneld en gestuurd om een 

natuurlijke vijand te creëren met eigenschappen die nuttig zijn voor biologische bestrijding.  

In dit proefschrift hebben we dit vier stappenplan gevolgd voor verbetering van 

sluipwespen voor bestrijding van de Suzuki fruitvlieg door kunstmatige selectie in het 

laboratorium (Hoofdstuk 3,4,5). Daarnaast hebben we door middel van computersimulaties 

voorspellingen gemaakt hoe sluipwespen zullen evolueren als reactie op selectie opgelegd 

door de invasieve plaag, zoals dat in de natuur zou gebeuren (Hoofdstuk 6).  

Allereerst hebben we literatuuronderzoek gedaan om de hoeveelheid natuurlijke variatie 

tussen en binnen inheemse sluipwespensoorten in kaart brengen (Hoofdstuk 2). Dit toont 

aan dat Leptopilina heterotoma een van de weinige Europese sluipwespsoorten is die de 

Suzuki fruitvliegen parasiteert. Vervolgens hebben we verschillende populaties van L. 

heterotoma onderzocht en toonden we door middel van laboratorium proeven aan dat deze 

sluipwesp in staat is de Suzukii fruitvlieg overleving significant te verlagen, en dat er grote 

verschillen binnen deze sluipwesp bestaan in twee belangrijke eigenschappen: 

aanvalsfrequentie en het vermogen om de Suzuki fruitvlieg te doden (Hoofdstuk 3). Dit 

wijst er dus op dat er genetische variatie bestaat binnen deze soort voor deze twee 

eigenschappen. Echter, eitjes die gelegd worden in de Suzuki gastheer kunnen zich zelden 

volledig ontwikkelen tot volwassen sluipwespen en gaan dood.  

Vervolgens hebben we deze populaties gekruist om een genetische variabele lijn te maken 

om de hoeveelheid additieve genetische variatie en erfelijkheid van deze eigenschappen te 

kwantificeren en als basis voor kunstmatige selectie. Verwantschapsonderzoek wees uit dat 
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aanvalsfrequentie en hun vermogen om de gastheer te doden gedeeltelijk genetisch bepaald 

zijn, een voorwaarde voor kunstmatige selectie (Hoofdstuk 3). We vonden geen erfelijke 

variatie in overleving van de zich ontwikkelende onvolwassen sluipwespen.  

We hebben de sluipwespen daarom geselecteerd op hun vermogen de pest te doden en 

vonden dat, in tegenstelling tot de verkregen resultaten van het verwantschapsonderzoek, 

deze eigenschap na zeven generaties selectie niet significant verbeterd was (Hoofdstuk 5). 

Wel vonden we een verhoging in aanvalsfrequentie. Het niet kunnen verbeteren van het 

vermogen om te doden kwam waarschijnlijk doordat de Suzuki vliegen populatie zich had 

aangepast aan de laboratoriumomstandigheden gedurende het eenjarige experiment en 

sterker was geworden. Dit onderzoek laat zien dat selecteren van natuurlijke vijanden dus 

niet altijd een directe oplossing kan bieden, maar het heeft wel potentie voor optimaliseren 

van biologische bestrijding in de toekomst, als er voldoende genetische variatie is, 

voldoende tijd is om evolutie te laten plaatsvinden, de gewenste eigenschappen efficiënt en 

accuraat gemeten kunnen worden en de benodigde organismen (de doelsoort én zijn 

gastheersoort(en)) gemakkelijk gekweekt kunnen worden in het laboratorium.  

Naast genetische factoren, onderzochten we of twee biotische factoren de prestatie van 

sluipwespen beïnvloeden: de endosymbiont Wolbachia en de gastheer waarin de 

onvolwassen wesp zich ontwikkelt (Hoofdstuk 4). De kwaliteit van de gastheer heeft een 

significante invloed op het fenotype van de wesp: wespen gekweekt op relatief lage 

kwaliteit gastheren produceren minder nakomelingen, deze nakomelingen waren kleiner en 

waren minder goed in staat om de Suzuki fruitvlieg te doden. Deze resultaten kunnen 

gebruikt worden voor het ontwikkelen van betere biologische bestrijders. Drie 

opeenvolgende generaties van hitteschokbehandelingen hadden echter geen invloed op de 

aanwezigheid van Wolbachia bacteriën in de wespen, noch op het vermogen om de 

gastheer van hun nakomelingen te doden, wat aangeeft dat de Wolbachia-L. heterotoma-

interactie hittetolerant is.  

In Hoofdstuk 6 onderzochten we de evolutie van de sluipwesp verder door middel van een 

individu-gebaseerd model (IBM), geïnspireerd op het L. heterotoma-Suzuki fruitvlieg 

systeem. Invasieve soorten zoals de Suzuki fruitvlieg kunnen worden gezien als “val” 

wanneer een sluipwesp deze probeert te parasiteren, maar zonder succes. Omdat de 

sluipwesp wel eitjes legt maar geen nakomelingen krijgt kan de ongeschikte exoot daarom 

direct negatieve effecten hebben op inheemse sluipwesp populaties. Door middel van 

computersimulaties laten we zien onder welke voorwaarden sluipwespen zich aan zullen 

passen aan de invasieve soort door ze óf op te nemen in de range aan gastheren die ze 

kunnen parasiteren óf door juist de ongeschikte gastheer te vermijden en dus niet meer in de 

val te trappen. De resultaten van het model geven aan dat wanneer sluipwespen in staat zijn 

om de ongeschikte gastheer te doden, dit de kans significant verkleint dat ze zich zullen 

aanpassen aan de gastheer over evolutionaire tijd, en dat dit dus hun evolutie in de weg kan 

staan. Daarnaast tonen we aan dat zoekefficiëntie en genetische variatie in voorkeursgedrag 

een belangrijke rol spelen in de kans dat een nieuwe sluipwesp-gastheer relatie kan 

ontstaan. Invasieve soorten kunnen dus de evolutie van sluipwespen beïnvloeden. Dit 

betekent dat wanneer inheemse vijanden op korte termijn slechts een minimale impact 
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hebben op een invasieve soort, ze mogelijk wel zouden kunnen bijdragen over evolutionaire 

tijd - afhankelijk van de richting van de evolutie. 

Deze studie heeft bijgedragen aan onze kennis over de impact van invasieve soorten op de 

ecologie en evolutie van inheemse natuurlijke vijanden. De natuurlijke vijand, L. 

heterotoma, probeert vaak de nieuwe invasieve plaagsoort D. suzukii te parasiteren, maar ze 

krijgen geen directe fitnessvoordelen omdat ze de nieuwe gastheer niet kunnen exploiteren 

voor reproductie. Dit kan gezien worden als een misadaptatie. Onder de “Mothers-know-

best” hypothese worden moeders geacht te weten wat het beste is voor hun nakomelingen, 

maar ze hebben misschien niet altijd alle benodigde informatie om optimaal te handelen. 

Hoewel hun suboptimale gastheerkeuzes nadelige effecten kunnen hebben op het 

voortbestaan van de populatie en de aanpassing aan de plaag kunnen belemmeren, kan hun 

'dwaas optimistische' gedrag kunstmatig worden geselecteerd voor de ontwikkeling van een 

geoptimaliseerd natuurlijk biologisch bestrijdingsmiddel. Dit proefschrift toont dus het 

belang aan van evolutionaire biologie om de impact van invasieve soorten een halt toe te 

roepen: (1) voor de ontwikkeling van duurzame bestrijdingsmethoden en (2) voor het 

behoud en de bevordering van genetische diversiteit tussen en binnen soorten en daarmee 

de veerkracht van soorten tegen veranderende omgevingen. Bovendien laat dit proefschrift 

zien hoe fundamentele en toegepaste onderzoeksvragen elkaar kunnen aanvullen en 

inspireren om nieuwe oplossingen te vinden om de voedselproductie te verbeteren en om 

nieuwe inzichten te verkrijgen in de ecologie en evolutie van interacties tussen soorten. 
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“….I strongly recommend rewriting to use the active voice 

….real humans were involved, after all, this didn’t all happen by accident!”  

– anonymous reviewer 
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