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Evolutionary  adaptations  
There is a tremendous variety in organisms in nature for almost every trait conceivable: 
from morphological traits and physiology to behavior and life history strategies. It can be 
observed between species, but also among populations of the same species and even 
among individuals of the same population. This rich diversity arose in response to the 
biotic and abiotic challenges presented by their habitat, inducing phenotypic and genetic 
changes through evolutionary processes. In this way, both ecological and evolutionary 
processes have jointly been shaping the natural world around us.  

Adaptive evolution operates at the interface of the genotype and the phenotype of 
organisms. Individual variation in phenotypic traits is often at least partially encoded in 
the DNA of an organism. The differential survival and reproduction of individuals in a 
particular environment, i.e. natural selection, can therefore increase the frequency of 
genetic variants that are associated with beneficial phenotypes. Thus, phenotypic 
variation that is at least partially heritable and conveys a fitness benefit in a particular 
environment can result in evolutionary adaptations to that environment.  

The study of evolutionary adaptations addresses research questions at different 
levels of organization, starting from the variation in phenotypic traits, to the physiological 
mechanisms underlying these traits, to the genetic differences encoding the phenotypic 
variation. When investigating how the phenotype is shaped by natural selection, it is 
important to characterize the traits that are evolving and their effects on organismal 
fitness. This characterization ideally addresses the genetic mechanisms underlying the 
traits as well as the variation in morphology and physiology. An extensive knowledge of 
the development and physiological mechanisms underlying a trait can help to analyze 
those aspects that selection may act upon and how this adaptive variation is inherited.  

To address which genetic variants underlie evolutionary adaptations it is 
necessary to link changes in phenotype with causal genetic variation. This can be achieved 
through several techniques, including candidate gene approaches, which focus on genetic 
variation in pre-specified genes of interest, QTL analyses that test for linkage between 
genetic markers and the trait of interest, and genomic approaches that are able to assess 
genetic variation in whole genomes. Studies on deer mice (Linnen et al., 2009; Manceau et 
al., 2010), sticklebacks (Colosimo et al., 2005; Jones et al., 2012) and apple maggot flies 
(Feder et al., 2003; Filchak et al., 2000), among others, have been able to describe genes 
and alleles that confer a selective advantage in natural populations. These studies 
contributed to our insight into evolutionary processes, showing which alleles were 
selected and how they contributed to increased fitness in nature. 

The goal of all these studies and approaches is to associate genetic variation with 
divergence in morphology, behavior or life-history traits. Since the advent of genomic 
techniques, the exploration of genomic variation has been greatly facilitated. It is now 
possible to assess genetic variation at the level of the entire genome or transcriptome. 
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However, correlation of a genetic variant with the trait of interest does not mean that it 
causes adaptive differences. Moreover, the phenotype may depend on the action of other 
genes (epistasis) as well as on environmental effects. The validation of candidate genes, 
and candidate alleles, is therefore important in the interpretation of these results. 
Together, these approaches can help resolve how phenotypes are shaped by natural 
selection and reveal what genomic variation underlies adaptive differences.  

In this thesis I study the genetic basis of adaptive differences to answer 
fundamental questions about evolutionary processes. For example: How many genes and 
which alleles are selected during evolutionary adaptations? How large is the impact of 
selection on levels of variation in the genome? Are evolutionary solutions shared between 
populations? The adaptive trait that I use for my studies is parasitoid resistance in 
Drosophila melanogaster, an immunological defense response against a parasitic wasp. To 
generate Drosophila populations that differ genetically in resistance against parasitoids, I 
first applied an experimental selection approach: I exposed Drosophila populations to a 
strong selection pressure of parasitoids in the laboratory under controlled conditions to 
evolve higher resistance. Then, I combined phenotypic, genetic and genomic approaches 
to investigate how the immune response is modulated during the rapid evolution of 
Drosophila parasitoid resistance, and the genomic basis of this adaptive evolutionary 
process. Additionally, I describe and follow up on candidate genes affected by this 
selection response to identify genes and loci that may be involved in parasitoid resistance 
itself. 

Processes  affecting  genetic  variation  
The genetic variation among unrelated individuals is typically large, with hundreds of 
thousands or even millions of small differences in the DNA between any two individuals 
(Hartl and Clark, 1997). Both adaptive and neutral evolutionary processes act upon the 
genetic variation among individuals. The presence of adaptive genetic variation in a 
population permits phenotypic change in the face of selection imposed by the 
environment. However, most of the genetic variation that is present in natural 
populations may have no or little effect on fitness and is effectively neutral (Hartl and 
Clark, 1997). The level of genetic diversity in neutral polymorphisms results from the 
balance between mutation and the stochastic loss of alleles. Both the demographic past 
and the evolutionary history of populations and species (Figure 1) can affect the amount 
and the distribution of genetic variation among individuals. The way in which these 
processes affect genetic variation along the genome is described below.    

Selection can change the adaptive genetic variation in a population. The 
differential survival and reproduction of individuals affects the composition of alleles or 
genotypes within a population. Over time the individual differences in fitness compound 
and result in allele frequencies changes of the causal genes, affecting the genetic variation 
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in populations (Figure 1A).  The strength and direction of selection may be strongly 
dependent on the interaction between the available genotypes and the specific 
environment in which the selection occurs. For example, some alleles have opposite 
fitness effects in different environments or some genes are expressed only under specific 
environmental conditions.  

Selection can also have an impact on patterns of genetic variation that are not 
directly associated to fitness. When genes are not in random association with each other 
due to physical or functional linkage in the genome they are said to be in linkage 
disequilibrium. When selection increases those allelic variants that enhance fitness, this  
may cause associated changes in genomic loci that are in linkage disequilibrium with the 
adaptive alleles (Barton, 2000; Nuzhdin and Turner, 2013; Schlötterer, 2003; Smith and 
Haigh, 2007). We can use comparisons of these patterns of genetic variation to track the 
action of selection, looking for signatures of selective sweeps where the nucleotide 
variation in linkage disequilibrium with a selected allele is strongly altered due to strong 
positive selection. Several techniques make use of the patterns in genomic variation in 
order to assess the imprint of selection, for example hitchhiking mapping, which looks at 
genomic patterns of variation at linked sites, dN/dS ratios, which compare the frequency 
of neutral and non-neutral variation and GWAS, which associate genotypic differences 
with differences in phenotype.   

Not only adaptive processes impact genetic variation, but neutral and stochastic 
processes also play an important role in shaping genetic variation (Figure 1A). Random 
genetic drift is a chance process, driven by the sampling of alleles from the genepool each 
generation. It can lead to the loss or fixation of alleles and genotypes by chance. The 
effects of random genetic drift become stronger the smaller the population is and is also 
stronger in populations with a large variation in reproductive success among individuals. 
Additionally, small populations can experience inbreeding effects when related 
individuals produce offspring together. Since inbreeding increases homozygosity, 
recessive deleterious alleles are expressed at a higher frequency in inbred populations, 
decreasing overall fitness and possibly reinforcing stochastic demographic processes.  

 
  



General Introduction 

 
11 

 
  

Figure 1 : Processes affecting genetic variation 

Overview of the neutral and adaptive processes that may affect the level and distribution of genetic variation in 
natural populations (panel A) and in experimental selection populations and experimental control populations 
(panel B and C). In natural populations, mutation, migration and gene flow allows new genetic variants to enter 
the genepool. Both genetic drift (the strength of which is influenced by demography) and selection affect the 
relative frequency of the genetic variants in the population. Selection is imposed by the environment and acts by 
increasing those genetic variants that are associated to a beneficial phenotype. Through experimental selection 
it is possible to assess the effects of selection in the absence of confounding effects, such as environmental 
stochasticity and gene flow. This is done by comparing the genetic variation in two experimental treatments: a 
Selection treatment, in which experimental conditions are expected to favor a particular phenotype (panel B) 
and a Control treatment (panel C) maintained under the same experimental conditions but without 
experimentally imposed selection. All other parameters, such as population size and environmental conditions 
are kept similar between both treatments. 
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Furthermore, mutation and gene flow impact the level of genetic variation in a 
population (Figure 1A). Mutation is the “ultimate source of genetic novelty underlying 
evolutionary change” (Hartl and Clark, 1997) and can produce new adaptive alleles. 
However, mutation is a slow process: most genes have a mutation rate of 10-4 to 10-6 new 
mutations per generation (Hartl and Clark, 1997). Moreover, beneficial mutations rarely 
arise as most mutations are either neutral or deleterious to fitness. Gene flow occurs 
when individuals migrate and reproduce in a different population than they originate 
from. This can result in new genetic variants entering a population. On the one hand, this 
can be advantageous as such new variants may be beneficial and promote further 
adaptation. On the other hand, if the variants are maladaptive, high levels of gene flow 
can impede local adaptation by homogenizing gene frequencies among populations. This 
can inhibit populations from reaching the local optimum allele frequency due to the influx 
of new alleles.  

Together, these processes shape the level and distribution of genetic variation 
that is present in a population (Figure 1A). Selection, imposed by the environmental 
conditions, increases the frequency of favorable alleles and purges deleterious mutations. 
Genetic drift on the other hand, randomly increases or decreases allele frequencies 
through sampling effects. The effects of random genetic drift are strongly dependent on 
population size. Demographic processes, affecting population size, are therefore also 
important factors to consider when comparing patterns of genetic variation between 
populations. Mutation and migration bring new genetic variation into the population, for 
selection and drift to act upon. 

Experimental  selection  
To characterize how selection affects the level and distribution of genetic variation, we 
can study selection processes in a laboratory, using experimental selection (Figure 1B & 
C). Kawecki et al., 2012 define experimental selection as “the study of evolutionary 
processes occurring in experimental populations in response to conditions imposed by 
the experimenter”. The ability to replicate selection events in the lab, to do so 
simultaneously, under the same conditions and in the same genetic background gives 
statistical power to analyses that is not available under natural conditions. Furthermore, 
by controlling the experimental conditions and eliminating environmental fluctuations 
and migration, the effects of selection can be studied in the absence of the influence of 
these confounding processes. Moreover, co-evolutionary interactions, for example those 
between hosts and parasites, can be studied in each species separately. By allowing 
adaptation in only one of the interacting species, confounding effects caused by 
simultaneous responses in both species, one reacting to the other and vice versa, can be 
removed.  
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Experimental evolution in eukaryotic multicellular organisms typically starts 
with a single, outbred, base population from which replicate selection lines are allowed to 
adapt to the experimental conditions. When demographical parameters such as 
population size and number of generations are comparable between the selection and 
control treatments, the effect of random genetic drift is also expected to be comparable 
between the two treatments. By comparing the selected lines (Figure 1B) with control lines 
(Figure 1C) that are exposed to the same conditions but not to the selective agent, i.e. 
adapting and non-adapting populations, it becomes possible to assess the impact of 
selection on genomic variation. 

 The length of experimental selection experiments can be from a few generations 
of selection (e.g. 5-10) to dozens, hundreds or (in E. coli) even thousands of generations of 
selection (e.g. Blount, Barrick, Davidson, & Lenski, 2012; Burke et al., 2010; Turner & 
Miller, 2012). In shorter selection experiments, selection is expected to act on standing 
genetic variation, bringing alleles to prominence that were already present in the 
founding population (Barrett and Schluter, 2008). Long-term selection experiments with 
large population sizes, such as those in bacteria or yeast, can study fixation of new 
mutations in the experimentally evolving populations.  

Experimental selection can thus be an especially powerful tool to understand the 
effects of selection, because it 1) enables the replication of selection events, 2) simplifies 
interactions by removing confounding factors affecting genetic variation and 3) can 
isolate the effect of selection from neutral processes by comparing selected populations 
with control populations. Though the replication of selection events in the lab can help 
understand selection processes, it is important to consider that it represents a 
simplification of natural conditions, where environmental stochasticity, gene flow and a 
complex of selection pressures influence the outcome of selection. Additionally, though 
selection and control lines ideally only differ in exposure to the chosen selective agent, it is 
important to be aware that uncontrolled components, such as adaptation to laboratory 
conditions and behavioral responses, may affect the results. 

“Select  and  re-‐sequence”  approaches    
By combining experimental selection with high-throughput sequencing it is possible to 
describe the genomic changes that occurred as a result of a selective sweep. In genome-
wide studies, changes in almost all genomic polymorphisms can be characterized, 
creating a dense map of marker positions in the genome and increasing the precision 
with which the location of causal alleles can be mapped (Nuzhdin and Turner, 2013). By 
sequencing the full genomes of selected and control populations, we can identify genomic 
regions that have a different distribution of genomic variation due to selection. The 
identification of regions of the genome that have been impacted by selection rests on the 
idea that selection changes the frequency of not only the causal alleles, but also alleles that 
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are linked with these and that “hitchhike” along with alleles of the selected trait. 
Identifying these regions can help reveal which polymorphic positions or genes may have 
been target of selection. These genes are of particular interest both in understanding the 
genetic basis of the trait in question and in the explanation of fitness differences in 
nature, as these genes form putative targets for selection in natural populations. 
Additionally, the identification of genomic positions and regions affected by selection can 
answer evolutionary questions about selection responses. How large a proportion of the 
genome is affected by a selection response? How many independent regions are involved? 
How repeatable are selection responses? (Kawecki et al., 2012). 

The first studies to combine experimental/artificial selection with whole genome 
sequencing were studies on bacterial evolution (Barrick et al., 2009; Blaby et al., 2012; Holt 
et al., 2008), drug resistance (Hill et al., 2013; Hunt et al., 2010) and animal domestication 
(Gibbons et al., 2012; Rubin et al., 2012, 2010). More recent investigations include studies 
in Drosophila (Remolina et al., 2012; Turner and Miller, 2012), and Daphnia (Orsini et al., 
2012; Tollrian and Leese, 2010). In Drosophila a diverse array of traits has been assayed, 
including courtship song (Turner and Miller, 2012), hypoxia tolerance (Zhou et al., 2011) 
and aging (Remolina et al., 2012). Here, however, we show the genomic effects of a very 
fast selection response on a complex trait: resistance against parasitoids.  

Parasitoid  resistance  in  Drosophila  
In this thesis I focus on experimental selection in Drosophila melanogaster for increased 
resistance against the parasitic wasp Asobara tabida. Parasitoids are insects whose larvae 
develop inside other insects, thereby killing the host. In several Drosophila species, 
infected larvae are able to trigger an immune response against the parasitoid, 
encapsulating and killing the parasitoid egg (Lemaitre and Hoffmann, 2007; Salazar-
Jaramillo et al., 2014). Only when the immune response is fast enough and encapsulation 
is complete will the development of the parasitoid be terminated and can the host survive. 
Previous research showed that the experimental selection of resistance of Drosophila 
against parasitoids results in an enhanced success of the immune response against 
parasitoids (Fellowes et al., 1998a; Kraaijeveld and Godfray, 1997a; Wertheim et al., 2011).  

Immune responses enable an organism to cope with parasites and pathogens 
found in the natural environment. Parasites can cause direct and strong adverse fitness 
effects imposing strong selection on immune function. Indeed, immune genes are among 
the fasted evolving genes in the genome (Drosophila 12 Genomes Consortium, 2007; 
Kimbrell and Beutler, 2001; Obbard et al., 2009; Sackton et al., 2007; Wayne et al., 2011). 
Experimental selection on host-parasite evolution is thus highly suited for investigating 
the genetic mechanisms of fast selection responses. Additionally, they can help 
understand mechanistic processes in insect immune responses (Kerstes and Martin, 
2013).  
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Most Drosophila species are natural hosts to parasitoids, the most common of 
which are species from the genera Asobara (Hymenoptera: Braconidae) and Leptopilina 
(Hymenoptera:  Figitidae) (Carton and Bouletreau, 1986; Fleury et al., 2009). The Holarctic 
Drosophila parasitoid Asobara tabida is common throughout most of Europe. Asobara is a 
solitary parasitoid, infesting early (2nd) instar larvae and feeding on the host tissue from 
host pupation onward. The parasitation pressure of Drosophila parasitoids varies with 
location, ecology and season, and varies between 5 and 40% in summer, although the 
proportion of parasitized larvae can be as high as 80% (Fleury et al., 2009). 

Within the Drosophila genus the ability to successfully resist parasitation shows 
large genetic variation: some species are highly resistant (e.g. D. similans and D. yakuba) 
while others are almost completely susceptible (e.g. D. sechellia and D. persimilis) (Prévost 
and Eslin, 1998; Salazar-Jaramillo et al., 2014). In D. melanogaster there is also substantial 
within-species variation in parasitoid resistance. Some European D. melanogaster 
populations show very high levels of resistance, while other (generally northern) 
populations are much less likely to survive parasitoid attack (Kraaijeveld and Van Alphen, 
1995; Kraaijeveld and Godfray, 1999; Gerritsma et al., 2013). Variation in parasitation 
pressure (Kraaijeveld and Godfray, 1999) in combination with fitness trade-offs due to 
costs associated with mounting and maintaining an effective immune response 
(Kraaijeveld and Godfray, 1997b; Kraaijeveld et al., 2002), may explain the maintenance of 
variation in parasitoid resistance among D. melanogaster populations.   

The genes and pathways involved in insect immune function are increasingly 
well resolved (Fauvarque and Williams, 2011; Hultmark, 2003; Lemaitre and Hoffmann, 
2007). Like all invertebrates insects have an innate immune response, but not an acquired 
immune response as that found in vertebrates. Smaller pathogens (such as bacteria and 
fungi) are neutralized through antimicrobial peptides and phagocytosis. The parasitoid 
egg is too large for phagocytosis, and is sequestered by a multicellular layer of specialized 
blood cells (hemocytes) (Lemaitre and Hoffmann, 2007; Schmid-hempel, 2011). After the 
recognition of a parasitoid egg by the host, hemocytes are recruited from the hemolymph 
and lymph glands. The JAK-STAT, Ras/Raf/MAPK and Toll signaling pathways are 
important immune signal transduction pathways and have been implicated in hemocyte 
differentiation and proliferation (Hultmark, 2003; Lemaitre and Hoffmann, 2007; 
Williams, 2007). 

Three types of blood cells are mobilized and strongly induced during the immune 
response against parasitoids: plasmatocytes, lamellocytes and crystal cells. Plasmatocytes 
are the predominant cell type and are involved in phagocytosis and encapsulation. 
Lamellocytes are long and flat cells with adhesive properties that are important in the 
formation of the capsule. Lamellocytes are not found in embryos and adult flies, and are 
only rarely found in healthy larvae. However, large numbers of these cells can be recruited 
into the hemolymph following infection by parasitoids (Hultmark, 2003; Williams, 2007). 
Crystal cells are able to release immune-competent compounds, including melanin 
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precursors, and are important in the encapsulation and subsequent melanization of the 
parasitoid egg. Together, multiple layers of these specialized blood cells form a melanized 
capsule around the parasitoid egg. The parasitoid egg and the cellular capsule is 
melanized through reactive components of the prophenol oxidase cascade, precursors for 
which are supplied by the lamellocytes and crystal cells. Hemocyte proliferation and 
differentiation is thus of critical importance in the immune response against parasitoids 

Previous selection experiments on parasitoid resistance in D. melanogaster have 
shown that selection increases total hemocyte density in unparasitized larvae (Kraaijeveld 
et al., 2001; Wertheim et al., 2011). Encapsulation ability also correlates with hemocyte 
load among different species within the melanogaster subgroup (Prévost and Eslin, 1998). 
However, though the level of constitutive and induced hemocyte load varies among 
different European populations of D. melanogaster, this does not correlate with resistance 
levels. This indicates that the fine tuning of the immune response, including the ratios in 
which differentiated hemocytes occur, may be a target for selection within D. melanogaster 
(Gerritsma et al., 2013).  

The genetic differences that contribute to the different levels of parasitoid 
resistance in natural or experimentally selected D. melanogaster are so far unknown. 
Recombination mapping studies have associated two separate genomic loci for resistance 
to Asobara and Leptopilina (Hita et al., 2006; Poirie et al., 2000). QTL studies (Orr and 
Irving, 1997) revealed that genes located on chromosome 2 may have a major effect on 
parasitoid resistance.  Additionally, expression studies on parasitoid resistance (Schlenke 
et al., 2007; Wertheim et al., 2011, 2005) have given insight into gene expression changes 
associated with parasitoid resistance.  

We know that parasitoids can impose strong selection pressures on their host 
population (Fleury et al., 2009) and there is substantial variation in parasitoid resistance 
(Gerritsma et al., 2013; Kraaijeveld and Godfray, 1999). However, it is currently unknown 
what constitutes the genetic basis of the evolution of resistance against parasitoids.  

Outline  of  this  thesis  
In this thesis we combine experimental selection with whole genome re-sequencing in 
order to understand how selection may act to increase parasitoid resistance. We aim to 
understand how selection modulates the immune response and to identify which genes 
may have been targets for selection. Additionally, we use this select and re-sequence 
approach to gain more insight into the genetic basis of parasitoid resistance in a naturally 
derived, outbred population. 

By using experimental selection to impose a strong selection pressure, parasitoid 
resistance rapidly increases in a genetically variable source population. First, we analyze 
the effects of selection on the phenotype and on the level and structure of neutral 
variation. Next we use whole-genome sequencing to assess the effects of selection on the 
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genome and to identify putative targets of selection. We map the changes in the genome 
after experimental evolution to identify candidate genomic positions that are associated 
to the increase in parasitoid resistance. Finally, we zoom in on some of these targets of 
selection to show the effects of selection on allele frequency and to link the alleles at these 
positions to the phenotype.  

For the experimental selection for increased parasitoid resistance in Drosophila 
melanogaster, four replicate Selection and Control lines were generated from a single, 
outbred founder population. The selection pressure that was applied was very strong, 
eliciting a response in just 5 generations of selection. To investigate the effects of this 
strong selection on the physiological, genetic and genomic aspects of adaptation to 
parasitoids in D melanogaster (Figure 2), these lines were then studied with a combination 
of parasitization assays, hematology, population genetics analyses and whole genome 
sequencing. More generally, this thesis contributes to explaining differences in parasitoid 
resistance in Drosophila and to discussions on the genomic effects of fast selection 
responses. 

In Chapter 2 I describe the experimental selection procedure for increased 
parasitoid resistance and focus on the phenotypic effects of selection (Figure 2, orange). I 
measured the effect of selection on the level of resistance against the parasitoid Asobara 
tabida and show that the experimental evolution approach was highly successful in 
generating replicate selection lines with increased parasitoid resistance. The effects of 
selection were maintained in the selected populations for more than two years, 
confirming a genetic basis for these changes. I also assess the physiological mechanisms 
underlying the increased resistance, by studying effects of selection for increased 
parasitoid resistance on blood cells, examining the total blood cell density and the 
numbers of different specialized cell types in both parasitized and unparasitized larvae.  

To ensure that the experimental selection procedure had not caused confounding 
side effects on neutral genetic variation, for example through reduced effective 
population sizes, we characterized the genetic variation based on neutral markers. In 
Chapter 3, I describe the effects of drift on neutral variation in the Selection and Control 
lines (Figure 2, blue). Using microsatellite markers I quantify differentiation between the 
Selection and Control lines that may have been caused by differences in populations size 
during the selection process. In addition to assessing neutral variation, we crossed two 
Selection lines in order to assess whether the same causal alleles have been selected in 
these two replicate lines. We also crossed two Selection and two Control lines to assess 
dominance effects. The combined results of these two experiments indicate that the 
Selection and Control lines had maintained similar levels of neutral variation, and that 
Selection lines likely share the same genetic basis for the increased resistance. This 
increases the merits of a subsequent sequencing approach.  

As detailed in chapter 2 and 3, selection produced strong phenotypic effects in 
the Selection lines while neutral genetic variation remained comparable between the 
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Selection and Control treatments. In order to identify putative causal genomic variation 
we sequenced the whole genome of the 4 Selection and 4 Control lines. The effects of 
selection on genomic variation are described in Chapter 4 (Figure 2, red). By sequencing 
the genome of pools of individuals from the Selection and Control lines we were able to 
assess which genomic regions showed a signature of selection. Using a combination of 
SNPs that showed a highly significant change in allele frequency between the Selection 
and Control treatment and these putatively selected regions, we identify 42 candidate 
genes that may have been targets of selection for increased parasitoid resistance. In this 
study we were able to gain insight into the impact of selection on genomic variation, by 
showing the effects of a fast evolutionary response on the whole genome. 

In Chapter 5 we followed up on a subset of candidate positions that were 
identified as putative targets of selection by the genome scan. We selected a subset of the 
SNPs from the genome study that showed a highly significant allele frequency change in 
the Selection line (Figure 2, green). We associated the SNPs with parasitoid resistance in 
individual larvae from the Selection and Control treatments. For each of 10 SNPs we 
tested whether genotype predicted encapsulation of the parasitoid egg in individual 
larvae. Additionally we showed the change of allele frequency in these SNPs throughout 
the selection process. By following up on the candidate genes identified in the genome 
scan we both affirm that the observed candidate genes from the genome scan can predict 
parasitoid resistance at the individual level and provide a first step towards disentangling 
causal and linked alleles.  

Finally, in Chapter 6 I present an overview of results and conclusions in this 
thesis. I discuss how the combination of approaches has increased our understanding of 
the effects of selection on the genome. Furthermore, I examine how these genomic 
changes may have affected parasitoid resistance. Finally, I give an overview of possible 
approaches to further elucidate the evolution of parasitoid resistance in Drosophila 
melanogaster. 
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Figure 2: Overview of the thesis 

In Chapter 2 I discuss the effect of selection on the phenotype and how the differences in parasitoid resistance 
are maintained between the Selection and Control lines (orange). In Chapter 3 I discuss the effects of population 
size on genetic drift and neutral genetic variation (blue). In Chapter 4 I discuss the effects of selection on genetic 
variation, both in terms of genome-wide variation and by describing candidate genes that may be causal to the 
increase in parasitoid resistance in the Selection lines (red).  In Chapter 5 (green) I follow up on a subset of these 
candidate genes in order to associate SNP variation in with individual phenotypes. Together, this approach aims 
to provide an overview of the effects of experimental selection on the parasitoid resistance, on neutral (genomic) 
variation as well as to provide information on the genes and loci that may be involved in differences in parasitoid 
resistance in Drosophila. 
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Abstract  
Immune responses are complex traits, yet they can evolve fast. To explore the mechanisms 
underlying a cellular immune response, the resistance of Drosophila melanogaster 
against the larval parasitoid Asobara tabida, we used experimental selection and 
characterized the natural variation for this trait and correlated phenotypic traits. We 
rapidly selected for increased resistance in four replicate lines and assessed the effect on 
resistance, total hemocyte load and hemocyte differentiation. We showed a rapid increase 
in resistance to parasitoids and, importantly, that this increased resistance persisted for 
2.5 years, in the absence of selection. After 46 generations, three of the four selection lines 
still were more resistant than control lines. In agreement with previous studies, we 
showed an increase in the total number of hemocytes present in the hemolymph in the 
selection lines immediately after selection, but also found that in at least one of the 
selection lines the increase in hemocyte load had disappeared while the difference in 
parasitoid resistance was maintained. Furthermore, selection did not equally increase the 
number of all four hemocyte types: The number of plasmatocytes and lamellocytes were 
increased in the selection lines. This increase, however, was found only in unparasitized 
larvae. Parasitized larvae of both control and selection lines contained similar total 
hemocyte loads, as well as comparable numbers of the different hemocyte types. We 
conclude that the selection response does not modulate the actual encapsulation response 
per se, but rather results in a better or faster ability to respond to parasitization. The 
actual immune response itself requires a concerted action of all hemocyte types and 
seems to be comparable between selection and control lines.  
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Introduction  
Organisms are exposed to complexes of interrelated selection pressures in nature. 
Selection can act on multiple traits simultaneously, which in turn may experience trade-
offs, affect local trait optima, cellular and molecular mechanisms. Experimental selection 
has been defined as “the study of evolutionary processes occurring in experimental 
populations in response to conditions imposed by the experimenter” (Kawecki et al., 
2012). Experimental evolution can help to dissect the effects of specific selection pressures 
in the absence of environmental interactions. By testing the effects of a stressor in a 
laboratory setting and allowing an outbred, naturally derived, population to adapt we can 
come to understand physiological and mechanistic responses to selection in replicated 
experimental conditions.  

Insect host-parasite evolution is highly amenable to experimental selection and 
can help elucidate mechanistic processes on immune responses in insects (Kerstes and 
Martin, 2013). Like all invertebrates insects posses an innate immune response, but not an 
acquired one as vertebrates do. Generally, an immune response consists of recognition of 
the threat, the triggering and regulation of immune-specific pathways and the 
neutralization of the threat (Gillespie et al., 1997). This neutralization can involve humoral 
components of the immune response – such as the release of anti-microbial proteins or 
other reactive compounds – or can involve immune competent cells (hemocytes, insect 
blood-cells) that can be induced in response to parasitization and are involved in 
phagocytosis, lysis or sequestering of parasites (Lavine and Strand, 2002; Lemaitre and 
Hoffmann, 2007; Schmid-Hempel, 2005).  

Insects suffer strong selection pressures imposed by pathogens and parasites. 
Multiple parasite types and species are present in almost all environments: ranging from 
viral and bacterial pathogens to mites and parasitoids (Keebaugh and Schlenke, 2014).The 
level to which individuals, populations and species are able to defend themselves against 
parasites is shaped by the interplay between the parasite and host (evolutionary arms-
races), including by how costly the immune response is to mount and to maintain, the 
presence of genetic or life-history trade-offs, the relative abundance of this and other 
parasites and any and all interactions between those factors (Chambers and Schneider, 
2012; Kraaijeveld et al., 2002; McKean et al., 2008; Mckean and Lazzaro, 2010; Schmid-
Hempel, 2005). Thus, different local ecological and genetic contexts can lead to different 
trait optima, ultimately leading to substantial differences between insect populations or 
species in their ability to cope with infections. 

In this paper we focus on selection imposed by parasitoids, which are insects that 
develop inside other insect species, thereby killing the host. Drosophila species are attacked 
by multiple parasites, pathogens and parasitoid species in nature, some of which can be 
highly virulent (Fleury et al., 2009). Parasitoids of European Drosophila species are 
particularly well studied and include members of the Asobara (Hymenoptera: Braconidae) 
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and Leptopilina (Hymenoptera: Figitidae) genera (Fleury et al., 2009). The wasp Asobara 
tabida is a Holarctic parasitoid of Drosophila and common throughout most of Europe. 
Parasitoids often parasitize a high proportion of hosts (Fleury et al., 2009) and therefore 
selection pressures on the hosts to produce a successful defense can be strong. In several 
Drosophila species, larvae infected by parasitoids are able to mount an immune response 
against the parasitoid egg, encapsulating and killing it (Lemaitre and Hoffmann, 2007; 
Wertheim et al., 2005). Upon parasitization and recognition of the egg, hemocytes are 
recruited from the hemolymph and lymph glands to attack the egg. The hemocyte-
mediated immune response results in the complete encapsulation of the parasitoid egg by 
hemocytes and melanin, sequestering and killing the parasitoid egg (Carton et al., 2008; 
Lavine and Strand, 2002). Only a fully melanized capsule, covering the complete surface of 
the parasitoid egg, will kill the parasitoid and result in host survival 

Drosophila species vary largely in their level of defence against parasitoids, from 
completely susceptible (e.g. D. subobscura) to very resistant (e.g. D. simulans) (Prévost and 
Eslin, 1998; Salazar-Jaramillo et al., 2014). The more resistant species generally have a 
higher number of constitutive hemocytes in the hemolymph, even when unparasitized, 
indicating the importance of hemocytes in parasitoid resistance in Drosophila (Prévost and 
Eslin, 1998). Within a species, high levels of natural variation in parasitoid resistance have 
also been reported (Gerritsma et al., 2013; Kraaijeveld and Godfray, 1999; Kraaijeveld and 
Van Alphen, 1995). The within-species variation in parasitoid immunity was again 
reflected by the association of hemocytes: a recent study by Gerritsma et al. (2013) 
indicated that for the variation in resistance among natural D. melanogaster populations, 
the total number of hemocytes was not predictive of resistance, whereas the ratio in which 
the different hemocyte types were present was significantly related to encapsulation 
success.  

In Drosophila melanogaster three different hemocyte types are mobilized and 
proliferate during the parasitoid immune response: plasmatocytes, the predominant cell 
type involved in phagocytosis and encapsulation; lamellocytes, long flat and adherent cells 
which are typically only found in parasitized larvae and are important in formation of the 
capsule; and crystal cells, which are able to release immuno-competent compounds and 
are important for the formation and subsequent melanization of the capsule. 
Differentiated hemocytes are mainly derived from undifferentiated hemocytes 
(prohemocytes).  This provides flexibility to the system, for example, prohemocytes can 
serve as precursor pool for lamellocytes (Honti et al., 2014; Lavine and Strand, 2002). 
Differentiated hemocytes originate from the lymph gland, the main hemapoietic organ in 
Drosophila larvae, and functional hemocytes are also located in the sessile hematopoietic 
tissue in the subepidermal tissue (Honti et al., 2014; Márkus et al., 2009). The concerted 
and targeted action of different hemocyte types is needed to ensure a successful immune 
response against the parasitoid (Gerritsma et al., 2013). This indicates that hemocyte 
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differentiation in response to parasitoid attack is highly important, and may be a critical 
contributing factor to the variation in resistance.  

The ability to resist parasitoids can be experimentally selected in the laboratory. 
Previous studies showed a very fast response - within 5 to 8 generations against 
parasitoids of both the Leptopilina and Asobara genus (Fellowes et al., 1998b; Kraaijeveld 
and Godfray, 1997a). Selection for increased resistance is associated with a trade-off with 
larval competitive ability under food scarcity: selection lines have lower survival at low 
food-levels than control lines (Fellowes et al., 1998b; Kraaijeveld and Godfray, 1997a). It 
was suggested that the basis of this trade-off is the density of hemocytes in the larvae, 
which is approximately twice as high in the selected as in the control lines (Kraaijeveld et 
al., 2001). This higher density of hemocytes – in unparasitized larvae –could act as a pre-
adaptation for increased resistance, to enable larvae to mount an immune response more 
quickly and efficiently in reaction to infection.  

A recent study by (Jalvingh et al., 2014) characterized genomic changes in four 
replicate selection and control lines, selected for increased parasitoid resistance. This 
study suggested multiple genomic changes and possible system wide effects, but not 
fixation of single nucleotide polymorphisms (SNPs) after 5 generations of selection. In 
combination with the observation that the response to selection tends to level-off after 5-8 
generations (Fellowes et al., 1998b; Kraaijeveld and Godfray, 1997a), this suggests that the 
changes caused by this rapid selection are possibly not maximized and are not 
permanent.  The presence of a higher ability to respond in the selection lines is 
maintained for multiple generations in the absence of selection, but is expected to 
eventually decline (A. R. Kraaijeveld, personal communication). The expected decline in 
resistance ability of the selected lines can be informative on the mechanistic links between 
parasitoid resistance and hemocyte loads.  

In this study we describe differences in resistance ability and hemocyte density 
in lines selected for increased resistance, and we assess maintenance of these correlated 
traits to associate the trait and its mechanisms. We compare hemocyte densities and 
resistance in selected lines directly after selection, and after selection has been absent for 
many generations. If higher hemocyte loads in selection lines are indeed causal to 
increased resistance, higher hemocyte loads are expected to be maintained while higher 
resistance persists in the selection lines. In the study of Kraaijeveld et al. (2001) hemocytes 
were treated as a single class of cells, and they measured neither the different types of 
hemocytes, nor the induction/recruitment of the hemocytes in response to parasitization. 
As Gerritsma et al. (2013) have shown, the relative numbers of the different hemocyte 
types seems mechanistically important to explain differences in resistance. Therefore, we 
also examine hemocyte differentiation in the replicate selection and control populations 
to unravel the (physiological) mechanisms of the selection response to parasitoids. We 
characterized hemocyte differentiation in both unparasitized larvae and larvae 
responding to parasitization. We confirmed that resistance can be selected very fast and 
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is associated to increased numbers in hemocytes. We show that differences in parasitoid 
resistance and hemocyte load persist over many generations in the absence of selection, 
although in one of the selection lines the increase in hemocyte load had disappeared while 
the difference in parasitoid resistance was maintained. Both lamellocytes and 
prohemocytes were present at higher levels in selection than in control lines in 
unparasitized larvae. During the immune response against parasitoids, however, the 
differences in hemocyte load of both cell types disappeared between selection and control 
lines. Finally we use our combined results to hypothesize which part of the immune 
response selection may have acted upon.  

Methods  

Insect  cultures  and  stock-‐maintenance  
The founding population of our selection and control lines was generated from a wild 
population (established from 250 wild caught females), collected near Leiden, the 
Netherlands in 1995. The populations were kept as four separate large outbred populations 
until the start of selection in 2009. They were kept at population sizes of minimally 1000 
flies/generation and were mixed for 5 generations before the onset of selection to avoid 
population sub-structuring. Flies were cultured by allowing 7-10 day old females to 
oviposit at 25C in medium bottles supplied with extra yeast to promote egg-laying. After 
two days the larvae were transferred to fresh bottles and allowed to develop at 20C (the 
optimal temperature for parasitoid development). The fresh bottles contained a thin layer 
of yeast to promote larval growth. Larval density was controlled at this stage to 
approximately 200 individuals per bottle to avoid crowding. After eclosion, adult flies 
were collected and stored at 12C.  

The parasitoids used as both selective agent and as challenge to measure 
resistance were Asobara tabida wasps from the 'SOS' strain, collected in Sospel, France, and 
kept in the laboratory for more than 10 years. Kraaijeveld et al (Kraaijeveld and Godfray, 
1997a) also used wasps from this strain in their selection experiments. The parasitoids 
were cultured on Drosophila subobscura hosts, a species that shows no parasitoid resistance. 
The wasps were maintained under standard culturing conditions (20C, 12 L : 12 D). After 
eclosion the wasps were collected and stored at 12C in bottles containing an agar medium 
to maintain humidity and provided with honey. Eclosed wasps were allowed to mature for 
7-21 days before use in experiments.  

Selection  process  +  re-‐selection  
The selection process for this study was first described in Jalvingh et al. 2014, and used the 
same stocks and similar protocols as Kraaijeveld et al. (1997). Larvae of D. melanogaster 
from one cohort of a single base population were allocated to 4 separate pairs of selection 
and control lines. During the selection experiment the normal culturing protocol was 



Hemocyte differentiation and trait persistence 

 
27 

maintained with the following adjustments (Figure 1): In the selection lines, second instar 
larvae were exposed to the parasitoids (SOS) during 24 hours, after which the parasitoid 
was removed and the larvae were allowed to develop normally. After pupation, each pupa 
was manually checked for a capsule under a stereo microscope. The fully and partially 
melanized encapsulated parasitoid eggs are visible through the puparial wall. Only those 
pupae that contained a capsule were taken to the next generation. This ensured that only 
flies that 1) were parasitized and 2) had successfully defended themselves against the 
attack contributed to the next generation. Among the pupae with a capsule, only a small 
percentage reached the adult stage (as partially encapsulated parasitoid eggs will still 
hatch and kill the host). For each selection line a matched control line was cultured in 
parallel. For the control lines, we transferred the same number of pupae each generation. 
Average population size (adult flies) in the selection lines was 242 per line, with a 
minimum of 88 flies. Since in the control lines parasitoid-induced pupal mortality was 
absent, more flies successfully emerged. Because of this population sizes were larger in 
the control treatment. We selected for 5 generations, after which selection was 
discontinued. After 6 generations of no selection we re-selected for 1 generation following 
the same protocol as above for each selection line separately. After this single generation 
of re-selection the eight lines were again maintained without selection.  

Resistance  assay  1  &  2  
To measure the level of resistance in each of the eight populations, we determined the 
percentage of larvae that fully encapsulated and melanized a parasitoid egg. Resistance 
was measured twice: 3 generations after the experimental selection for increased 
resistance was discontinued, and 46 generations after the single generation of re-
selection. For these resistance assays, twenty 48-hour old second instar larvae were placed 
on a petri-dish containing fly-medium and a thin layer of yeast in the centre. In each 
petri-dish one wasp (SOS strain) was added for 2 hours to parasitize the hosts. The larvae 
were allowed to develop at 20C for 96 hours, before dissection at the third-instar stage. We 
scored the percentage of the egg that was covered in melanin. As host survival requires a 
complete encapsulation of the parasitoid egg, the larval immune defense was scored as 
successful when the egg was completely surrounded by melanin. We calculated resistance 
as the proportion of parasitized larvae that had fully melanized the egg. Only singly 
parasitized hosts were included in the analysis. In Resistance assay 1, all lines were 
measured on each experimental day, while in total we collected on average 75 ± 14 
individuals per line over the course of 10 days. 

Resistance assay 2 was conducted in the same individuals as the assays for the 
Hemocyte count 2 and Hemocyte Differentiation assay (see below). Because of the added 
labor of the hemocyte counts in combination with measuring resistance, we could not 
include all four sets each day. Instead, one set of control and selection lines was measured 
per day, rather than all four sets. The protocol was the same as that of Resistance assay 1 
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with the following adjustments: To ensure we only had singly parasitized larvae, the 
parasitization of the host was observed under a microscope, and parasitized larvae were 
transferred to a new petri-dish (20 larvae per dish) and allowed to develop for 96 hours at 
20C. In total, we collected 33 ± 16 parasitized larvae per line.  

 

 

Hemocyte  counts  1  &  2  and  Hemocyte  Differentiation  in  parasitized  and  
unparasitized  larvae  
To determine hemocyte density after selection, total hemocyte load was counted in the 
hemolymph of third-instar larvae. For Hemocyte count 1, 3-14 day old flies were allowed to 
oviposit overnight in culture bottles containing Drosophila medium and live yeast. The 
following day 50 eggs were transferred to a vial containing fly medium and yeast (6 vials 
per line). The larvae were allowed to develop for 96 hours, before being collected and 
washed. The hemolymph of groups of 10 3rd instar larvae was collected and transferred 
with 8µl of PBS to a Neubauer hemocytometer on a phase contrast microscope and 
hemocytes were counted. For each set of control and selection lines, 6 groups of 10 larvae 
were bled, measured over two days.  

To determine whether hemocyte densities had changed after a prolonged period 
without selection, total hemocyte density was measured again after 46 generations 
(Hemocyte count 2). In Hemocyte count 2, the assay was extended to include both 
parasitized and unparasitized larvae. Additionally, we included a Hemocyte 
Differentiation assay (in parasitized and unparasitized larvae) to determine the density of 
the 4 different hemocyte cell types present in the hemolymph in both the selection and the 
control lines. Resistance and hemocyte load were both scored for each larva, enabling us 

Figure 1: Overview of the selection process 

To select for higher parasitoid resistance in the four replicate selection lines, each generation second instar D. 
melanogaster larvae were exposed to an A. tabida parasitoid wasp. After exposure the larvae were allowed to 
develop. The pupae were examined for the presence of a (partial) capsule: the melanization of the capsule is 
visible through the puparium. Only pupae that visibly contained a capsule were selected. Within the pupae of 
these parasitized individuals either the encapsulation was incomplete, allowing the parasitoid to develop (top 
option) or it was successful, allowing the host to develop (bottom option). Those individuals that survived 
parasitization were parents to the next generation of larvae exposed to the parasitoid.  
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to link the two traits. For this experiment, second instar larvae were parasitized as 
described for Resistance assay 2. We also collected unparasitized larvae (with no exposure 
to the parasitoid) using the same protocol. We subsequently collected the hemolymph of 
62 ± 24  individual third instar larvae on average per line (28 ± 8 in the unparasitized and 
33 ± 16 in the parasitized treatment). Hemocyte densities were counted exactly as by 
Gerritsma et al., (2013). Briefly, third instar larvae 96 hours after parasitation were 
thoroughly rinsed with Drosophila Ringer's solution (Cold Spring Harbor Protocol, 2007) 
and pricked with a fine needle to collect the hemolymph. The hemolymph was diluted 
with 8 µl Ringer's solution and placed on a Neubauer Improved hemocytometer slide (0.1 
mm depth) and immediately counted using a phase-contrast microscope. Hemocyte types 
(plasmatocytes, crystal cells and lamellocytes) were distinguished based on physical 
appearance. Additional to Gerritsma et al., prohemocytes were also counted. Total 
hemocyte count was defined as the summed total of the prohemocytes, plasmatocytes, 
lamellocytes and crystal cells.  

Data  analyses  
All data were analyzed using Generalized Linear Models or Linear mixed effects models, 
implemented in R3.0.1. The analysis of Resistance assay 1 was first described in Jalvingh et 
al (2014). To analyze whether resistance in all selection lines had increased relative to the 
control lines immediately after selection (Resistance assay 1), we used a generalized linear 
model, specifying a quasi-binomial distribution to correct for overdispersion and using F-
tests to determine significance of differences in resistance between the selection and 
control lines. The response variable was encapsulation state (number of successes or 
failures per petri-dish) and explanatory variables were treatment (control or selection) 
and replicate line-set (nested within treatment). The data was analyzed per petri-dish to 
avoid pseudo-replication.  

In Resistance assay 2, larvae were measured individually and extracted randomly 
from the pool of available larvae. To analyze Resistance assay 2 we used a generalized 
linear model with a binomial distribution, using individual encapsulation success (success 
or failure) as response variable. As explanatory variables, we tested selection and control 
treatment, and replicate line-set, as well as their interaction, using Chi-square tests to 
determine significance. Since in Resistance assay 2 there was a significant interaction 
between the effects of selection and replicate line-set (see results) we also analyzed each 
line separately, specifying a generalized linear model as above, including only control and 
selection as explanatory variable.  

Hemocyte Count 1 was analyzed using a generalized linear model on hemocyte 
count data, specifying a quasipoisson distribution to correct for overdispersion. 
Explanatory variables were treatment (control and selection), replicate line-set and their 
interaction. We used model simplifications to eliminate non-significant explanatory 
variables, using F-tests to compare the simplified model to the model containing the 
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variable. In Hemocyte Count 2 the effect of selection or control in unparasitized larvae 
was analyzed using a linear mixed effect model on log10 transformed hemocyte counts. 
Treatment (control and selection) was the explanatory variable in the model and replicate 
line-set was included as a random variable. 

In the Hemocyte Differentiation assay we performed two different tests. Firstly, 
we tested the effect of both selection and parasitization on the abundance of the different 
hemocyte types. For this we used a linear mixed effect model on log10 transformed count 
data for each cell type (plasmatocytes, prohemocytes, lamellocytes and crystal cells) 
separately, as well as for the total hemocyte counts  (i.e. the total sum of these cell types). 
The count data of the lamellocytes and crystal cells included an additional square root 
transformation (these cell types are the least abundant in the hemolymph and therefore 
deviated most from normality). The full model included treatment (control and selection), 
parasitization (unparasitized and parasitized), and their interaction as fixed variables, 
and replicate line-set as random variable. We also tested the effect of treatment (control 
and selection) separately for parasitized larvae and for unparasitized larvae (again 
including replicate line-set as random variable) to describe the interactions between 
parasitization and selection in the model in more detail. Secondly, we tested which 
variables (count data of hemocyte types and control and selection) predicted successful 
encapsulation in parasitized larvae. For this we specified a generalized linear model with 
a binomial distribution. The response variable was individual encapsulation success 
(success or failure) and the explanatory variables were the abundances of the four 
different hemocyte cell types and treatment (control and selection). Replicate line-set was 
a random variable in the model. When evaluating the full model including all interactions 
(including 4 and 5 level interactions) the model was overparameterized and could not be 
resolved properly. When we forced the model to run despite the overparameterization, we 
found no indication of significant 4- and 5-way interactions: an ANOVA test showed no 
significant differences between models including 5-, 4- and 3-way interactions. Based on 
this it was decided to commence model simplification from the 3-way interactions 
onwards. Model selection was based on F-tests comparing model with and without the 
variable of interest and calculating AIC of the models.  
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Results    

Resistance  assay  1  &  2  
As already described in Jalvingh et al (2014), resistance in all four selection lines had 
increased immediately after 5 generations of selection. The fraction of larvae that was able 
to successfully defend against the parasitoid had risen from 20% in the control lines to 
approximately 50% in the selection lines (Figure 2).  There was no significant difference 
between the four biological replicate lines (Control vs Selection: F1,66 = 22.3, P < 0.001; 
replicate lines nested within treatment: F6,60 = 0.22, P=0.97),  indicating that the level of 
parasitoid resistance had increased in all selection lines to similar levels. To measure 
resistance the parasitoid eggs were dissected from the Drosophila larvae and the 
percentage of melanized egg surface scored. As host survival requires a complete 
encapsulation of the parasitoid egg, immune defense was scored as successful when the 
egg was completely surrounded by melanin. However, larvae from the selection lines not 
only more often encapsulated the parasitoid egg completely, but also more often showed a 
stronger encapsulation response of the parasitoid egg compared to the control lines 
(Figure 3). This indicates that selection resulted in increased speed and/or efficiency of 
the complex immune processes, that eventually result in the full encapsulation of the 
parasitoid egg.  

After 46 generations (2.5 years) without selection, the selection lines were still 
significantly more resistant than the control lines Figure 2; GLM, Chi-square = 27.646, df 
=1, P < 0.001). However, the replicate selection lines had not maintained similar levels of 
resistance, as indicated by a significant interaction between the selection treatment and 
the effect of replicate line-set (GLM, Chi-square = 29.271, df=6, P<0.001). Each replicate 
line-set was measured over different days, and we noticed considerable block effects. Due 
to this we cannot reliably compare differences in resistance between replicate selected 
lines that were measured on different days. When testing each pair of Control and 
Selection lines separately, we found that 3 of the 4 selection lines had a significantly 
higher encapsulation success than the respective control line (GLM, Chi-square =18.791, 
replicate 1: df=1,  P<0.001; replicate 2: Chi-square =5.9093, df=1, P=0.015; replicate 3: Chi-
square =1.3421, df=1, P=0.246; replicate 4: Chi-square = 7.2352, df=1, P=0.007). One replicate 
selection line (line 3) had lost its increased resistance, and its level of resistance was 
comparable to its matched control line. Another selection line had a relatively low level of 
resistance, but it was still significantly more resistant than its matched control. Similar to 
the resistance assays immediately after the selection process, not only the number of fully 
encapsulated egg was higher in the selection lines, but also the proportion of parasitoid 
eggs with a high level of melanization was larger, indicating a stronger underlying 
immune response in the selection lines (Figure 3). 
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Hemocyte  Count  1  &  2  
Immediately after selection, the number of hemocytes in the selection lines was 
significantly higher than in the control lines in unparasitized third instar larvae (Figure 
4). The interaction between selection treatment and replicate line-set was not significant 
(F3,40= 0.6869, P=0.565), and replicate lines did not differ significantly from each other 
(F3,43= 2.5633, P=0.067), although there was a trend towards better explaining the variation 
when the effect of replicate line-set term was included in the model (Chi-square =149.81, 
df=3, P=0.053). Thus, all selection lines had a higher hemocyte load than the control lines, 
while there may be slight differences among the replicate line-sets.  

After 46 generations without selection, unparasitized third instar larvae from the 
selection lines still had a significantly higher constitutive hemocyte load than the control 
lines (Figure 4) (F1,223 = 5.601, P=0.019). Testing each line-set separately, only in line-set 1 
and 2 the effect of selection treatment was significant (line-set 1: F1,100 = 11.937, P< 0.001;  
line-set 2: F1,40 = 8.9017 P=0.005). Line-sets 3 and 4 showed no significant differences in 
constitutive hemocyte load between the selection and control line (line-set 3: F 1,39 =1.4458, 
P=0.236;  line-set 4: F 1,20 = 1.6839, P=0.209).  

Hemocyte  Differentiation    
We evaluated both the effects of selection treatment and of parasitization on the different 
classes of hemocytes (Figure 5). The blocked experimental setup prevented direct 
comparison of the replicate lines among each other. To show the similarities and 
differences among the replicate line-sets, we present the data for each line separately 
(Figure 5). In the statistical models, we analyzed the combined data and accounted for the 
block effect of day/replicate line-set by including replicate line-set as a random variable in 
the model. Total Hemocyte Count (THC) is evaluated twice: once including the 
prohemocytes (comparable to Hemocyte Count 1, in which all cells independent of type 
were counted) and once excluding them (increasing sample size as prohemocytes are 
sometimes difficult to distinguish from yeast cells, and were not counted for all samples).  
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Figure 2: Encapsulation rate per line 

Encapsulation rate per line was defined as the number of larvae that had completely 
surrounded the parasitoid egg with melanin divided by the total number of parasitized larvae 
in the experiment. Encapsulation of the parasitoid egg was scored based on dissections of 
parasitized third instar larvae. The ability of larvae from the selection and control lines to fully 
encapsulate a parasitoid egg was measure twice: once immediately after selection (assay 1) and 
once after selection had ceased for 46 generations (assay 2). 
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Figure 3 

Pie charts showing the amount of melanization around the parasitoid egg in larvae of the selection and control 
treatments. The labels denote the amount of encapsulation around the egg as follows: No encapsulation: 0% 
melanized, little: 1< 25% melanized, medium: 25 < 75% melanized, strong: 75 < 99% melanized and full 
encapsulation: 100 % melanized (i.e. no unmelanized surface visible).  Melanization percentage around the 
parasitoid egg was scored by dissecting parasitized third instar larvae in each of the four replicates in the control 
and selection treatments, both immediately after selection and 46 generations after selection. The data has been 
pooled per treatment.  

 
  



Hemocyte differentiation and trait persistence 

 
35 

We found a significant effect of parasitization on all hemocyte counts, except 
crystal cells (Table 1). Additionally, selection treatment had a significant effect on the 
number of lamellocytes and prohemocytes, and showed a trend towards significance for 
THC including prohemocytes (Table 1). The effect of parasitization significantly 
interacted with the effect of selection treatment in the number of lamellocytes, 
plasmatocytes and total hemocytes excluding prohemocytes (Table 1). Crystal cell number 
showed neither an effect of selection nor of parasitization.  

To describe the interaction between parasitization and selection in more detail, 
we examined the effect of selection in parasitized and unparasitized larvae separately 
(Table 1). In unparasitized larvae, the hemocyte counts of plasmatocytes and lamellocytes 
was significantly higher in the selection lines than in the control lines. Moreover, the THC 
(both including and excluding prohemocytes) were also significantly higher in the 
selection lines. In parasitized larvae, however, these differences between control and 
selection lines disappeared entirely. Only the prohemocyte counts showed a significant 
difference between control and selection lines in parasitized larvae (Table 1). This pattern, 
however, may be largely driven by the results of a single replicate line-set (Figure 5).  

Finally, we evaluated whether the hemocyte counts for the different hemocyte 
types were predictive for the successful encapsulation of the parasitoid egg (Table 2). For 
this we combined the individual hemocyte counts per larva with the individual resistance 
assay for that same larva. The full model, including all interactions between control and 
selection treatment and the different hemocyte types, was over-parameterized, yet gave 
no indication of the presence of significant 5- or 4-way interactions. Model simplification 
was therefore commenced from the 3-way interactions onwards. In the minimal adequate 
model both plasmatocytes and lamellocytes were significant main effects and there was a 
significant interaction between selection treatment, prohemocytes and crystal cells. This 
signifies that all hemocyte types are important for the successful completion of the 
encapsulation response. 
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Figure 4: Total number of hemocytes per line 

The total number of hemocytes present in larvae of the control and selection lines was scores by 
pricking unparasitized third instar larvae, collecting the hemolymph and counting the number 
of hemocytes present in the hemolymph. Total hemocyte count was measured twice: once 
immediately after selection (assay 1) and once 46 generation after selection (assay 2). There are 
differences in scale between the two experiments due to a slightly different methodology in 
counting the hemocytes (See Methods section 2.4 in the text) 
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Discussion  
Resistance to parasitoids increased from approximately 20 to 50% in four replicate 
selection lines of D. melanogaster in just 5 generations of experimental selection (Figure 2). 
The magnitude of selection response in our experiments was very similar to those shown 
by (Kraaijeveld and Godfray, 1997a) and (Wertheim et al., 2011), using the same insect lines 
for the experimental selection approach and similar protocols. This re-emphasizes that 
independent selection events can produce similar phenotypic results within a population. 
The increase in resistance after selection was associated to increased levels of hemocytes 
in unparasitized larvae (Figure 4), again similar to the results of the earlier studies 
(Kraaijeveld and Godfray, 1997a; Wertheim et al., 2011). Additionally, we showed that the 
increased resistance in selection lines was maintained for at least 46 generations without 
selection in three of the four selection lines. The total hemocyte counts (THC) were also 
still higher in the selection lines than in control lines after this period. Closer examination 
of the different hemocyte types indicated that the counts of plasmatocytes and 
lamellocytes were higher in unparasitized larvae of the selection lines than in the control 
lines. In parasitized larvae, however, the differences in hemocyte counts disappeared 
completely between selection and control lines, except for the prohemocytes. 

While the increased resistance and increased hemocyte load in the selection 
lines, even after 46 generations without selection, could suggest a causal relation between 
hemocyte load and resistance, not all our data would support that interpretation. Overall, 
the differences in hemocyte counts between selection and control lines after 46 
generations without selection were only significant per replicate line-set for two line-sets. 
Although this may in part be due to low statistical power per line-set, we even found an 
opposite pattern in one line-set (line-set 4). The resistance was still high, while the total 
hemocyte count (both including and excluding prohemocytes) was no longer higher than 
in the control – in fact it seemed lower than in the control line (Figure 4). Additionally, one 
selection line (line-set 3) had lost high resistance after the 46 generations without 
selection. This line-set had also lost the high THC when including the prohemocytes, but 
not when the prohemocytes were excluded from the THC (Figure 4, Figure 5).  

All this suggests that THC and resistance are not as tightly linked as might be 
assumed from the overall patterns. This same conclusion was also drawn from a different 
study, investigating the natural variation in hemocytes among geographic populations. In 
a comparison of resistance levels and hemocyte counts among various lines derived from 
natural populations, Gerritsma et al. 2013 found no direct relation between total hemocyte 
load and parasitoid resistance levels. They suggested that not total hemocyte load, but a 
high level of coordination of hemocyte differentiation ultimately contributes to a 
successful encapsulation response. Our observation of high resistance in a selection line 
that is not accompanied by a higher hemocyte load seems to support this suggestion. 
Among species, hemocyte load has a strong correlation with encapsulation ability, both in 
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parasitized and unparasitized larvae (Prévost and Eslin, 1998). However, studying these 
patterns of variation within-species, and a study like this one, focusing on an outbred 
population harboring substantial genetic variation, may uncover more subtle patterns of 
change at the hemocyte level.  

One of the intriguing findings of our study is that selection for increased 
resistance had major effects on the hemocyte composition and hemocyte load in 
unparasitized larvae, while the differences among selection and control lines largely 
disappeared in parasitized larvae. All hemocyte types, except crystal cells, increased by 
parasitization. While selection affected all cell types equally, these effects were almost 
exclusively visible in unparasitized larvae. In unparasitized larvae the total hemocyte 
counts, the counts of plasmatocytes and of lamellocytes were all higher in the selection 
lines. In parasitized larvae however, we found no difference in either plasmatocytes, 
lamellocytes or total number of hemocytes. Only the number of prohemocytes differed 
between selection and control lines in parasitized larvae, being more abundant in the 
latter (although this effect may have been driven by line 1, see Figure 5). This difference in 
effect of selection between parasitized and unparasitized larvae could reflect the 
mechanism for the increased resistance in the selection lines: Conceivably, the initiation 
of encapsulation can be more rapid upon parasitization when more lamellocytes and 
plasmatocytes are already present in the hemolymph. Upon parasitization these cell-types 
proliferate and are recruited into the hemolymph in equal measure in both selection in 
control lines, yet the head-start of the selection line larvae may increase their probability 
of a full and successful encapsulation. Eslin and Prevost (1996) suggested a threshold of 
minimum total hemocyte concentration, above which the host is more likely to complete a 
successful immune response. The eggs of A. tabida have the ability to embed into the host 
tissue, making it inaccessible to the hosts immune cells. This would favor a quick 
response, before the parasitoid egg is embedded. The effects of selection may thus act 
mainly on these crucial initial stages of the encapsulation response, before hemocyte 
proliferation. The presence of a larger number of lamellocytes and plasmatocytes at the 
moment of parasitization could therefore initiate a faster and more effective response.  

When associating the counts of each hemocyte type per individual larva with 
their success in completing the immune response, we found that all hemocyte types 
statistically contributed to explaining the data: There was a main effect of lamellocytes 
and plasmatocytes, as well as a significant interaction between selection treatment, 
prohemocytes and crystal cells. The interaction between prohemocytes and crystal cells 
with selection treatment seems remarkable. Crystal cell density did not differ with either 
parasitization treatment or selection in our analyses. Prohemocytes were the only cell type 
to be significantly affected by selection in the parasitization treatment. Despite not 
responding to selection as the other cell-types did, selection still interacted with the 
density of crystal cells to explain successful encapsulation. This suggests that even though 
the abundance of these cells is unchanged after selection, their effectiveness is modulated,  



Chapter 2 

 
40 
  

Figure 5: 
Total number of hemocytes in parasitized and unparasitized larvae, split per hemocyte type 

Hemocyte counts were obtained by pricking parasitized and unparasitized larvae with a sterile needle and 
collecting the hemolymph. Hemocytes were counted per type: prohemocytes, plasmatocytes, crystal cells and 
lamellocytes. Total hemocyte count (THC) represents the total sum of these four cell-types. The columns show 
the different hemocyte types while the rows show the four replicate lines of the selection and control lines. 
Selection lines are depicted in gray and control lines in white. Underneath each column, an asterisk (*) indicates 
whether there was a significant effect of selection on that cell-type in the statistical model (including all line-sets 
in the analysis), for both unparasitized and unparasitized larvae.  
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possibly through their interactions with the other hemocyte types. Both plasmatocytes 
and lamellocytes explained successful encapsulation, without showing an interaction with 
selection. Interestingly these cells were both increased by selection in unparasitized 
larvae. This may indicate that differences in both plasmatocytes and lamellocytes are 
important in the selection process, as a pre-activation of the immune response, but that 
during the response these cell types behave similarly between lines. Perhaps there is a 
more rapid, efficient response in the initial phase of encapsulation due to an increased 
load of plasmatocytes and lamellocytes – increasing the speed of recognition and the 
onset of encapsulation of the parasitoid egg. This faster initial response in turn could be 
important for the effectiveness of crystal cells and the recruitment of prohemocytes in the 
later stages of the immune response.  

Gerritsma et al. (2013) reported that in natural populations especially 
lamellocytes and crystal cells were essential in explaining differences in immunity: they 
considered a coordinated increase in both cell types as a requirement for successful 
encapsulation.  In natural populations with a high encapsulation ability, both cell types 
are increased after parasitization. Eslin and Prevost (Prévost and Eslin, 1998), however, 
find no difference in the number of lamellocytes in unreactive and reactive larvae within 
D. melanogaster. In other species (except the unreactive D. sechellia) they do find a higher 
number of lamellocytes in reactive larvae. In our lines, we do not see an increase in crystal 
cells after parasitization, while the lamellocyte counts are strongly increased. We found 
also no effect of the selection treatment on the number of crystal cells either in control or 
in parasitized larvae. However, crystal cells do seem to be important in the encapsulation 
of the parasitoid egg in both the selection and control lines, since both cell-types 
significantly contributed to explaining successful encapsulation of the parasitoid egg. 
Hemocytes are involved in many functions including, besides immunity, processes such 
as enzyme transport and metabolic transport. Crystal cells have been described in other 
Drosophila species (Prévost and Eslin, 1998; Salazar-Jaramillo et al., 2014) and are not only 
important in parasitoid resistance but also in anti-bacterial immunity and other functions 
. Lamellocytes, on the other hand may be mostly important in the formation of the capsule 
(Honti et al., 2014; Vass and Nappi, 2000). In Drosophila, the presence of lamellocytes 
appears to be restricted to the melanogaster subgroup, which is associated with the ability 
to encapsulate parasitoid wasp eggs (Salazar-Jaramillo et al., 2014). The multiple functions 
of crystal cells may cause stronger constraints in these cells than in lamellocytes. Both our 
selection and control lines had relatively high densities of both these cell types 
(lamellocytes and crystal cells) in both parasitized and unparasitized larvae, which were 
similar to the levels in high resistant natural populations. Perhaps the base populations 
from which the selection and control lines were derived in this study may not have been 
subject to the same constraints in cell density of these important hemocyte types as some 
of the natural populations.  
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 In this study we used experimental selection as a tool in investigating the 
hemocyte-mediated immune response of Drosophila melanogaster against the parasitoid 
wasp Asobara tabida. We reported a rapid response to the selection for increased 
resistance, and this increased resistance was maintained for many generations in the 
absence of selection. This indicates that selection has had long-term effects on the 
(functional) genetic variation in the selection lines. Subsequent sequencing of these lines 
revealed that multiple narrow regions of the genome had indeed changed in the selection 
lines (Jalvingh et al., 2014). Immunity is a complex trait, and the encapsulation of 
parasitoid eggs involves various elements, such as recognition of the threat, hemocyte 
proliferation and differentiation, adhesion of the hemocytes to the parasitoid egg and to 
each other, and the melanization of the encapsulated parasitoid egg. Importantly, these 
functions need to be executed in a fast and coordinated way. In the selection lines, the 
overall ability to complete this full process in time has increased: not only the fraction of 
larvae that completely melanized the parasitoid egg had increased, but also the remaining 
larvae had a stronger response and completed the process to a higher level. This suggests 
that selection has acted to increase the overall ability to recognize and respond to 
parasitization quickly in all larvae, rather than to only increase the fraction fully resistant 
larvae in frequency.  

Interestingly, though selection has increased the hemocyte load in the selection 
lines as expected based on previous studies, we find this effect only in unparasitized 
larvae. We hypothesize that selection for increased resistance does not modulate the 
immune response itself, but it rather prepares the larvae to higher ability to recognize and 
quickly eliminate the immune threat. For this, the presence of increased numbers of 
lamellocytes and plasmatocytes seems to be of particular importance. During the 
unfolding of the immune response itself, the hemocyte densities in the selection and 
control lines differed only for prohemocytes, not for any other hemocyte type nor for total 
hemocyte counts. We propose that the initial stages of the encapsulation response, before 
hemocyte proliferation, are therefore crucial in the determination of the fate of a 
parasitized host, as a higher abundance of lamellocytes and plasmatocytes at the moment 
of parasitization could initiate a faster response and a more effective subsequent 
encapsulation of the parasitoid egg.  
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Abstract  
 
When a trait is under selection, not only the frequencies of alleles associated with the trait 
are expected to change. Hitchhiking effects, population bottlenecks and random genetic 
drift accompany this adaptive process, which also affects unassociated and neutral 
genetic variation. To investigate these combined effects of a selective sweep, we analyzed 
genetic variation and differentiation in four replicate Selection lines and their four 
Control lines after experimental selection for increased parasitoid resistance in Drosophila 
melanogaster. All replicate Selection lines showed a two-fold increase in parasitoid 
resistance compared to their matching Control lines after only 5 generations of selection. 
The rapid and strong selection process is expected to act on standing genetic variation. 
We address the effects of selection on genetic variation, examining both neutral and 
putatively causal variants to parasitoid resistance.  

We tested for the effects of reduced population sizes in the Selection and Control 
lines using neutral microsatellite markers, and found that the selective sweep did not 
cause a large reduction in neutral genetic variation. Despite the smaller census population 
size in the Selection lines we find no evidence for an increase in differentiation in the 
Selection lines relative to the Control lines. The founder population was found to be the 
most differentiated from all other populations, which possibly can be explained by rare 
alleles in the founder populations that were lost due to the reduced population size in the 
experimental lines. Importantly, the selection protocol seems to have sampled genetic 
variation equally in both the Selection and Control lines.  

Crossing replicate Selection lines and testing for parasitoid resistance in their 
offspring indicated that there was a shared genetic basis to increased parasitoid 
resistance between the Selection lines. Based on the resistance of the offspring of crosses 
between Selection lines and their Control lines we conclude that there is evidence for, at 
least in part, codominant inheritance of the resistance phenotype and soma paternal 
effect on resistance. We conclude that not only genetic variation was mostly maintained 
for neutral loci with very little differentiation between the Selection and Control lines, but 
also that the selection process most likely selected the same genes and/or allelic variants 
in replicate selection lines. This enhances the potential merits of an "evolve and re-
sequence" approach to analyzing genomic changes caused by selection for parasitoid 
resistance.  
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Introduction  
When selection strongly favours a particular allele or allele combination, this 

allele can be swept through the population. In the case of a 'soft' selective sweep from 
standing genetic variation, multiple adaptive alleles were already present in the 
population before the onset of positive selection (Barrett and Schluter, 2008; Messer and 
Petrov, 2013). Selective sweeps are often associated with a reduction of genetic variation 
in flanking and linked stretches of genomic regions due to hitchhiking effects (i.e. 
changing frequencies of linked alleles) (Barton, 2000; Smith and Haigh, 2007). However, 
selection not only impacts those alleles that are closely associated with the trait under 
selection. Selection is often accompanied with additional reductions in population size, 
thereby increasing the strength of random genetic drift (Saccheri and Hanski, 2006). A 
decreasing population size can therefore reduce the amount of standing genetic variation 
in those populations and thus decrease the potential of populations to respond to future 
challenges (Bijlsma and Loeschcke, 2012). Thus, a selection response may increase the 
alleles conferring higher fitness, but it can also affect overall genetic diversity, neutral 
genetic variation and associated population differentiation. 

Experimental selection is a strong and commonly used tool to dissect the 
response of populations to selection on a trait and to explore its mechanistic and genetic 
processes (Hill and Caballero, 1992; Kawecki et al., 2012). In a controlled environment, a 
genetically variable population is exposed to a specific selection pressure and is allowed to 
adapt over multiple generations, which results in a selective sweep through the 
experimental population. Since we typically impose a relatively rapid and strong selection 
pressure, at least in complex eukaryote systems, the selective sweep must act on standing 
genetic variation present in the population, while new mutations are likely of little/less 
importance (Barrett and Schluter, 2008). Experimental selection can be associated with 
population bottlenecks, especially when a strong selective pressure is applied. When 
experimental populations are orders of magnitude smaller than their natural 
counterparts, in terms of effective population size, the associated effects of drift and 
inbreeding depression may become confounding side effects of an experimental selection 
approach. The most important measures to minimize confounding side effects are 
maintaining large effective population sizes and replication of the experimental selection 
approaches.  

We created replicate Selection and Control populations that differ in their ability 
to defend against infection by the parasitic wasp Asobara tabida (Chapter 2, Chapter 4). 
Parasitoids are insects of which the offspring develops inside other insects, thereby killing 
the host. As a possible means to counteract parasitization, insect hosts can possess an 
innate immune response (but not an adaptive immune response as vertebrates do). This 
immune response consists of the complete encapsulation and sequestering of the 
parasitoid egg by hemocytes (i.e., insect blood cells) and melanin, killing the parasitoid 
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(Carton et al., 2008; Hultmark, 2003; Lemaitre and Hoffmann, 2007). Natural populations 
of Drosophila melanogaster differ strongly in their ability to defend against parasitoid attack 
(Gerritsma, Haan, Zande, & Wertheim, 2013; Kraaijeveld & Godfray, 1999; Kraaijeveld & 
Van Alphen, 1995). During experimental selection to enhance the survival changes of the 
host, the genetic variation that is being optimized may act on a rapid recognition of the 
parasitoid egg, and/or a rapid recruitment of hemocytes from the hemolymph and lymph 
glands. This promotes a successful immune response. In total we generated four replicate 
Selection and Control lines, which were selected in 5 generations and increased two-fold 
in parasitoid resistance. The replicate Selection and Control lines showed consistent 
changes in the physiological processes underlying the increased defense response 
(Chapter 2).  

To evaluate the effects of experimental selection, it is necessary to characterize 
the impact of both the selective sweep and of random genetic drift on genetic variation. 
Assessing whether the effects of selection conform to expectation can help discern 
unanticipated effects of the selection process and can inform decisions in designing 
downstream genomic analyses such as whole-genome re-sequencing. To justify a 
genomics approach comparing allele frequency shift in (ranges of) the genome in 
replicate selection lines it is important to consider to what extent the genetic basis of 
parasitoid resistance in these replicate Selection lines is shared. Firstly, not all changes in 
the Selection lines after exposure to the parasitoid are expected to be causal to differential 
parasitoid resistance among these lines. Since the experimental selection process reduced 
the population size in the Selection lines, they may have experienced increased genetic 
drift, resulting in less genetic variation, increased population differentiation and higher 
levels of inbreeding. It is therefore important to consider whether there are differences 
between the Selection and Control lines that were caused by differences in population size 
and drift effects. The lines in the selection experiment were exposed to very strong 
selection pressures, evidenced by high mortality (survival of parasitized larvae was 7-16% 
during the first generation of selection). If the surviving individuals were highly related 
(or non-randomly mating), or varied strongly in reproductive output, the effective 
population size (Ne) may be even more reduced than would be estimated from the census 
population size. Secondly, the increased parasitoid resistance in the replicate Selection 
lines may, or may not, have a similar genetic basis between replicate lines. When the same 
causal allelic variants have been selected in replicate Selection lines, downstream genomic 
approaches can derive statistical power from consistent genomic changes in the selection 
lines compared to the control lines. Testing whether selection has acted on the same genes 
and allelic variants in replicate lines can therefore increase the confidence of comparative 
genomic approaches.  

In this study we investigated how a selective sweep, combined with a reduction 
in population size, has affected both neutral genetic variation and causal variants to 
parasitoid resistance. First we assessed the impact of the strong selection and the 



Effects on standing genetic variation 

 
47 

associated reductions in population sizes in the selection lines on neutral variation, using 
14 microsatellite markers. We assessed census population size during the selection 
experiment, calculate inbreeding coefficients and measure allelic diversity and genetic 
differentiation in the Selection and Control lines and their founder population. Secondly, 
we examined the causal variants for the increased resistance after selection, using 
crossing experiments between the lines. Crossing Selection and Control lines makes it 
possible to evaluate whether dominant or recessive alleles are causing the increase in 
resistance in these populations. Crossing replicate Selection lines can reveal whether the 
causal alleles are shared between different lines. When the same alleles have been selected 
in replicate Selection lines we expect a similar level of resistance in the F1 offspring of a 
cross between two different Selection lines as for the parental lines. When different 
genes/alleles have been selected, and depending on the degree of dominance, combining 
these alleles may result in either a reduction or increase in parasitoid resistance.  

Methods  

Stocks  and  selection  process  
We selected for increased parasitoid resistance in Drosophila melanogaster larvae exposed 
to the parasitoid wasp Asobara tabida. We selected during 5 generations in 4 replicate 
Selection lines. Additionally we maintained 4 matched Control lines in parallel with the 
selection lines. All lines were founded from a single generation of an outbred, genetically 
variable founder population originally collected in the Netherlands (Chapter 2, 4 and 
Kraaijeveld & Godfray, 1997). The lines were maintained in quarter-pint bottles containing 
30 ml standard medium (26 g dried yeast, 54 g sugar, 17 g agar, and 13 ml of a nipagine 
solution (10 gr/100 ml 96% alcohol) per liter) at densities of approximately 200 flies/bottle. 
The food was supplemented with live yeast to promote egg-laying and larval development.  
Flies were cultured at 20°C, under a 12:12 light-dark regime. After eclosion adult flies were 
collected and stored at 12°C. The A. tabida stocks were cultured on D. subobscura larvae at 
20°C at a 12:12 light dark cycle (Chapter 2 and 4).  

The selection procedure and stocks have been described in detail in Chapter 2 
and Chapter 4 of this thesis. Briefly, we exposed second instar larvae to A. tabida wasps 
('SOS' strain, collected in France and kept in the laboratory for over 10 years) for 24 hours, 
after which the larvae were allowed to develop. Pupae were checked visually for a 
melanized capsule, indicating an immune response against the parasitoid egg. Only adult 
flies that eclosed from pupae containing a capsule contributed to the next generation of 
selection. For each of the Control lines the same number of pupae was collected as in the 
matched selected lines. The Selection lines showed a high pupa-to-adult mortality caused 
by an incomplete immune response and subsequent mortality due to the parasitoid. In the 
first generation of selection survival of larvae that were able to (at least partly) melanize 
the parasitoid egg was only 7-16%. The mortality in the Control lines was much lower, 
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since they were not exposed to the parasitoid. We describe the resulting differences in 
population size in the results. After five generations of selection parasitoid resistance had 
increased from approximately 20% in the Control lines to 50% resistance in the Selection 
lines (Chapter 2 and 4). 

We scored the minimum census population size during the selection process by 
collecting and counting all individuals after the reproduction stage of the experiment, i.e. 
after egg laying (Table 2 Population Size). Census population size likely slightly 
underestimates true census size as individuals dying during the reproduction stage of the 
experiment have not been counted but may still have reproduced. Minimum census 
population size was scored for each generation of selection thus allowing the calculation 
of the expected change in the inbreeding coefficient F based on this population size using 
the recursive formula (Ft+1= (1/(2Ne)) + (1- (1/(2Ne)) * Ft). For calculating the inbreeding 
coefficient after five generations we assumed that the ratio between the effective 
population size (Ne) and the census size (N) is Ne = 0.7N, because of lottery polygeny and 
Poisson distributed offspring per mating (see Bakker, 2008; Nunney, 1996). The expected 
increase in F was calculated, assuming that the initial F value in the founder population 
was 0, as all individuals for each line were derived from a single large and random mating 
founder population.  

Sample  collection  and  DNA  extraction  
Samples for DNA extraction of the four Selection lines and four Control lines were 
collected one generation after selection was stopped. All samples were female flies, 
collected within 5 hours of eclosion and stored at -80 °C (this procedure is the same as in 
Chapter 4). Additionally, we collected samples from the founder population before the 
onset of selection. These samples (also all females) were collected immediately after laying 
the eggs used to found the first generation of Selection and Control lines. The samples 
were stored at -80°C before DNA extraction. We extracted DNA from 12 individuals of 
each of the Selection and Control lines and 16 individuals of the founder population.  

DNA was extracted using a high-salt protocol without chloroform based on 
(Aljanabi and Martinez, 1997). Homogenization of the tissue was done manually in 400 µl 
homogenizing buffer (0.4M NaCl, 10 mM Tris-HCl pH 8.0, 2 mM EDTA), after which 40 µl 
20% SDS and 8.5 µl 10mg/ml proteinase K (200µM final concentration) were added. 
Samples were incubated for one hour at 55°C before adding 190 µl of 6M NaCl (35g NaCl 
saturated in 100ml dH2O). The samples were then vortexed (30s) and centrifuged (30 min, 
10000g RT). After removing the supernatant the pellet was washed in 70% alcohol and 
dried before being suspended in 20µl sterile dH2O. 

Microsatellite  analysis  
To assess the genetic variation of the selection and control lines we amplified 14 

microsatellite markers using the primers listed in Table 1. None of these markers had 
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cytological locations that overlapped with the genomic regions that carried a signature of 
selection in the select and re-sequence study by Jalvingh et al (Chapter 4, Jalvingh, Chang, 
Nuzhdin, & Wertheim, 2014). The microsatellites were combined into 4 multiplex PCR 
reactions. All primer combinations were tested individually and all products were <400bp  
and non-overlapping. The markers were scored by end-labeling the forward primers with 
either Hex or Fam fluorescent dye (Biolegio, Nijmegen). Each reaction contained 2.5 µl 
multiplex mix, 0.5 µl multiplex primer mix and 1 µl of DNA sample together with 1 µl MQ 
to make up a 5 µl reaction volume. After denaturation at 94°C (15 mins), we implemented 
30 PCR cycles (30s at 94°C; 90s at 57°C; 60s at 72°C) before final extension at 72°C (45 mins). 
All products were diluted 40 times with MQ before adding 1.5 µl of the product to 13.5 µl 
EDTA (with 4.5 µl size standard (Applera, the Netherlands) diluted into 1495.5 µl 0.2 mM 
EDTA). The samples were denatured (2 mins, 96°C) before placing them on ice and 
analyzing them (ABI 3739 automatic DNA sequencer). 

Microsatellite alleles were scored using Genemapper 4.0. All markers were tested 
for neutrality in Lositan (Antao et al., 2008; Beaumont and Nichols, 2014) using 
confidence intervals of 95%. FST values were calculated in FSTAT 2.9.3 (Goudet, 1995). The 
number of alleles and heterozygosity were calculated in GenAlEx version 6.501 (Peakall 
and Smouse, 2012, 2006). 

Crosses  
We examined whether the alleles conferring increased parasitoid resistance in the 
Selection lines were dominant, and whether they were shared between replicate Selection 
lines. In order to do this, we crossed Selection with Control lines, and we crossed 
Selection lines amongst each other, and assessed offspring resistance to parasitoid 
infection. These crosses were performed approximately 23 generations after selection had 
been ceased. Before commencing the crosses we assessed the resistance of all four 
Selection and four Control lines to determine whether the difference in parasitoid 
resistance between the Selection and Control lines was still present. Based on our results 
we decided to perform the crosses in Selection lines 1 and 2 

To test whether the higher resistance in the selection lines is a dominant or 
recessive trait we crossed individuals from a Selection and a Control line. We did this 
separately for line-pairs 1 and 2. These crosses were performed reciprocally to allow 
detection of maternal effects. For each cross we dissected 28 ± 4.27 larvae on average. To 
test whether increased resistance between Selection lines shared the same genetic basis 
we crossed individuals from Selection lines 1 and 2 during 2 generations (F1 and F2) and 
measured resistance at the same time. In this assay for shared resistance we did not 
distinguish between reciprocal crosses. The assays were repeated over several days. For 
each of the crosses we dissected on average 17 ± 3.16 larvae.  

For the crosses, virgins were collected within 4 hours after eclosion and the sexes 
were stored separately and kept at 12°C. Before crossing, all flies were kept at 25°C for 24 
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hours to check virginity of the females. Crosses were made 5 days after the start of virgin 
collection. Cultures for the crosses were performed identically to the normal culturing 
protocol (Chapter 2 and 4). After acclimation of the flies (24 hours at 25°C) the flies laid 
eggs during 24 hours (25°C). Larvae were kept at 25°C for a further 24 hours before 
collecting and transferring them to a petri-dish with fresh medium and live yeast for 
parasitation by an A. tabida wasp of the SOS line at 20°C. Parasitization was observed 
under a stereo microscope and parasitized larvae were collected and allowed to develop at 
20°C. Wasps were replaced after parasitizing 5 larvae consecutively, to avoid confounding 
effects from differences between individual wasps. After four days the parasitized larvae 
were dissected individually and scored for an encapsulated egg. When the parasitoid egg 
was completely surrounded by melanin the individual was scored as resistant, and when it 
was not fully melanized it was scored as susceptible.  
  

Table 1: Microsatellite Markers: 

Microsatellite markers used in this study, including marker name, location, primer and microsatellite repeat. The 
fourteen markers were combined together in 4 multiplexed PCR reactions, for each marker is denoted in which 
multiplex reaction they were multiplied. Two markers, DROYP3 and DMU12269, were excluded from the analysis 
and are therefore shown in grey. 
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Statistics  
All data were analyzed using Generalized Linear Models, implemented in R3.0.1. To 
compare resistance among lines we specified a generalized linear model with a binomial 
distribution with encapsulation (success or failure) as a binary response variable. 
Explanatory variables were the main effect selection regime (selection or control) and 
line-pair nested within the main effect of selection regime. We used Chi-square tests to 
determine significance of main and nested effects. We used model-simplification to test 
for differences between crosses, sequentially pooling the crosses to assess post-hoc 
differences. The simplified model was compared to the more complex model based on AIC 
values and a Chi-square test for differences in residual variance in the two models. We 
assessed resistance in each line-pair separately in a glm testing only for the effect of 
selection regime. We refer to the various crosses from here on onwards as Parental-S and 
Parental-C for the pure crosses within each Selection or Control line, F1(CxS) and F1(SxC) 
for the reciprocal crosses between the Selection and Control lines and F1(SxS) and F2(SxS) 
for the first and second generation of crosses between Selection lines. Parental and F1 
crosses were performed in parallel and were scored on the same days. 

Resistance in the crosses between the Selection and Control lines was compared 
using the explanatory variables cross-type (Parental-C, F1(CxS), F1(SxC) or Parental-S), 
line (1 or 2) and batch (A or B (line-pair 1) or C or D (line-pair 2)). Since we performed this 
cross twice (once with line-pair 1 and once with line-pair 2) we added the nested 
interaction between cross-type and line. Since this interaction was not significant, 
indicating that the effects of cross-type were not line-specific, we removed this variable 
from subsequent analysis.  

Differences in resistance between Parental-S lines 1 and 2 and their crosses 
(F1(SxS) and F2(SxS)) were assessed in generalized linear model with the explanatory 
variables cross (Parental-S1, Parental-S2, F1(SxS) and F2(SxS) and batch (A or B).  

Additionally we compared the variance in the crosses using the standard errors 
calculated by the generalized linear model (containing encapsulation as response variable 
and cross as explanatory variable). We did this for both the F1(SxC) and F1(CxS) crosses 
and the F1(SxS) and F2(SxS) crosses. Since there was no variation in resistance in 
Parental-C1 (all encapsulation values were failures), the model containing only cross as 
explanatory variable was unable to run. Therefore we ran the models to calculate standard 
errors separately from the analyses, changing one failure into success to allow the model 
to run.  
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Results  

Genetic  analyses  
Table 2 shows the census population size over five generation and the estimated increase 
in inbreeding coefficient F based on estimated effective population size during the 
selection experiment. Clearly, the population size, and therefore the estimate effective 
population size, of the Selection lines are 4-5 fold smaller than those of the Control lines.  
However this results in relatively small differences in mean final F of 0.0184 and 0.0040 
for the Selection and Control lines, respectively. A paired t-test showed that the difference 
in inbreeding coefficient between the Selection and the (paired) Control lines is 
significant (t-test t=10.8631, df=3, P=0.0017). However, the increase in inbreeding 
coefficient is quite low over the five generations of the selection treatment, averaging less 
than 2% in the Selection lines. Consequently, we conclude that the difference in 
population size between Selection and Control lines only had a minor impact on the 
expected levels of inbreeding within the populations. 

We evaluated the effect selection has had on the level of neutral variation using 14 
microsatellite markers (Table 1 Microsatellite Markers). We assessed the neutral genetic 
variability in the founder population (at the onset of the selection procedure) as well as in 
the four the Selection and the four Control lines after 5 generations of selection. We tested 
all 14 microsatellites for significant departures from neutrality in Lositan. The marker 
DMU12269 showed a significant indication of being under positive selection as the 
probability for neutrality for this marker fell outside of the 95% confidence interval 
(Heterozygosity = 0.4964, FST = 0.1928, P simulation FST < sample FST = 0.994)). Additional 
to DMU12269 the marker DROYP3 was also removed from the population genetic analysis, 
as the missing values for this marker (due to unsuccessful PCR reactions) were not evenly 
distributed among the lines. All population genetic measures were calculated based on the 
12 remaining microsatellite markers. The effective number of alleles (ne) and the expected 
heterozygosity (He) of the 4 Selection lines and 4 Control lines (taken 1 generation after 
selection had been stopped) as well as that of the founder population are shown in Table 2. 
The number of alleles found in the Selection lines is not substantially different in the 
either the Control treatment each or the founder populations. Similarly, the range of He 
found in the Selection lines is comparable to that in the Control and Founder populations. 
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Table 2: Inbreeding coefficient, Population size, Heterozygosity and Number of alleles 

Overview of the increase in inbreeding coefficient F for each Selection and Control line during the selection 
process. The F value was calculated based on the recursive formula (Ft+1= (1/(2Ne)) + (1- (1/(2Ne)) * Ft). The value 
for F was set to 0 in the founder population.  The effective population size Ne was estimated from census 
population size (see methods). The minimum census population size was based on counts of each generation 
after the reproductive phase (i.e. parents of the next generation of selection). The census population size is given 
for each generation between brackets. Additionally we show expected heterozygosity (He) and the effective 
number of alleles (ne) for each of the 4 Selection and 4 Control lines and the founder population based on the 
microsatellite data. The standard error is given underneath the mean value (in grey). ne = number of effective 
alleles and He = expected heterozygosity. 
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To test whether the effects of the selection process led to genetic differences for 
the neutral loci between the populations we compared pairwise genetic differentiation 
among all the lines and the founder population. Genetic differentiation was assessed 
using FST statistics calculated in FSTAT (Table 3, FST). The FST values averaged over all 
pairwise comparisons was 0.0413 ± 0.0503 and the highest values were found between the 
founder population and the other lines (mean FST founder to all other lines was 0.1290 ± 
0.0195). In all cases, the founder population is significantly differentiated from both the 
Selection and the Control lines (P < 0.05, P value obtained after 720 permutations, 
indicative adjusted nominal level (5%) for multiple comparisons: 0.001389). The Selection 
and Control lines do not differ significantly from each other. Likewise, no significant 
differentiation was observed among the lines of the same treatment. This indicates that 
the selection process and its associated reductions in population size did not cause 
significant differentiation in neutral variation between the selection and control 
treatments.  

  

Crosses  
Before commencing the crosses we assessed the resistance of all four Selection and four 
Control lines to determine whether the difference in parasitoid resistance between the 
Selection and Control lines was still present. Overall resistance difference was still present 
(GLM, effect of selection and control Chi-square = 37.888 df = 1, P < 0.001, see methods for 
statistical analysis), but we observed that the effect of selection differed between line-
pairs (GLM, interaction between the effects of selection and control and line, Chi-square = 
19.545 df = 6, P = 0.003). Resistance in each pair of Selection and Control lines was as 
follows: Pair 1: 33% vs 0%, Pair 2: 64% vs 13%, Pair 3: 21% vs 13% and Pair 4: 27% vs 3% for the 
Selection and Control line, respectively. When testing the line-pairs individually, the level 
of resistance of all Selection lines was still significantly different from that of their 
matched Control lines, except for Selection line 3 (GLM, Line-pair 1: Chi-square = 13.160 df 

Table 3: FST 

Pairwise FST values calculated for each of the 4 Selection and 4 Control lines as well as for the founder population. 
Below the diagonal the FST values are shown and above the diagonal the associated significance values. All FST 
and significance values were calculated in FSTAT.  
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=1, P < 0.001, Line-pair 2:  Chi-square = 19.241 df =1, P < 0.001, Line-pair 3:  Chi-square = 
2.106 df =1, P < 0.147, Line-pair 4:  Chi-square = 7.802 df =1, P = 0.005). For this reason, we 
decided to perform the line crosses with Selection lines 1 and 2 and their Control lines.  

First we assessed the effect of crossing individuals from a Selection line and 
Control line on parasitoid resistance. Figure 1 shows the percentage of larvae that 
successfully encapsulated the parasitoid egg in the two parental lines and the F1 of the two 
reciprocal crosses of the parental lines, both for the line-pairs 1 and 2. The statistical 
model included the response variable resistance (success or failure), and three explanatory 
variables: cross (Parental-S, Parental-C, F1(SxC) and F1(CxS), line-pair (1 or 2) and batch 
(A-D). Resistance was significantly explained by cross (Chi-square = 36.450 df =3, P < 
0.001), line-pair (Chi-square = 11.202 df =1, P = 0.001) and batch (Chi-square = 6.727 df =2, P 
= 0.035) but not by the interaction between cross-type and line (Chi-square = 2.532 df =3, P 
= 0.470). This indicates that even though the level of resistance was not the same for line-
pairs 1 and 2, the effect of cross on resistance is significant and similar between the line-
pairs. Subsequent model-simplification showed that the F1(CxS) was not significantly 
different from the Parental-C line (Chi-square = 0.455, df = 1, P = 0.499). However, these 
crosses were significantly different from the F1(SxC) (Chi-square = 6.043, df = 1, P = 0.014) 
and the Parental-S line (Chi-square = 37.495, df = 1, P < 0.001). The F1(SxC) and Parental-S 
crosses were significantly different from each other (Chi-square = 9.809, df = 1, P = 0.002). 
These results indicate the presence of co-dominant alleles, as both parental genomes 
contributed to offspring resistance. The strength of this effect may be different in the 
reciprocal crosses: we specifically tested the differences between models separately 
including the reciprocal F1(SxC) and F1(CxS) crosses or pooling the reciprocal crosses. The 
model that pooled the two F1 crosses tended to explain less of the variation in resistance 
(Chi-square = 3.132, df = 1, P = 0.077), indicating that the two cross-directions may not be 
fully equivalent. Thus, some paternal effects may contribute to the level of resistance. 
 

To assess the effect of crossing two Selection lines on resistance, we crossed 
Selection lines 1 and 2 for two generations. Figure 2 shows the percentage of larvae that 
successfully encapsulated the parasitoid egg in the parental Selection lines as well as in F1 
and F2 crosses of these two selection lines between each other.  The crosses were not 
separated by reciprocal cross direction. In the statistical model we found no significant 
effect of either cross (Chi-square = 3.768, df = 3, P = 0.288) or batch (Chi-square = 0.558, df 
= 1, P = 0.455) on resistance, showing that resistance levels of the parental lines did not 
differ significantly from either the F1 or F2. Simplifying the model by pooling the F1 and 
F2 of the cross between the selection lines did not significantly affect the model (Chi-
square = 1.959, df = 1, P = 0.162) indicating the resistance was the same between the two 
generations. Standard errors given by the model for each cross were 12.9% and 12.8% for 
Selection lines 1 and 2 respectively and 11.8% for the F1 cross and 10.3% for the F2 cross. 
The crossing of two selection lines therefore neither increased nor decreased parasitoid 
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resistance, or variance in parasitoid resistance, suggesting a shared genetic basis of the 
trait between these lines.   

Figure 1: Selection x Control crosses 

Barplot depicting the parasitoid resistance of F1 offspring for each of the following crosses: For line-pair 1: 
Parental-S line1 (dark grey), F1(S1♂xC♀) (medium grey), F1(C1♂xS1♀) (medium grey) and Parental-C line 1(light 
grey). For line-pair 2: Parental-S line 2 (dark grey), F1(S2♂xC2♀) (medium grey), F1(C2♂xS2♀) (medium grey) 
and Parental-C line 2(light grey). Resistance was measured by dissections of 3rd instar larvae and scoring the 
amount of melanization around the parasitoid egg. Only fully encapsulated parasitoid eggs are considered as 
instances of successful resistance. Error bars are calculated based on a binomial model explaining parasitoid 
resistance by cross-type and line (see methods). 

Figure 2: Selection x Selection crosses 

Barplot showing the parasitoid resistance of the F1 and F2 offspring of the cross between individuals of Selection 
line 1 and Selection line 2. Parasitoid resistance and error bars were measured in the same way as in the crosses 
shown in Figure 1. Crosses within each Selection line are shown in dark grey and crosses between the two 
Selection lines (both F1 and F2) are shown in middle grey.  
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Discussion  
The goal of this study was to evaluate the effects on standing genetic variation of a 
selective sweep caused by experimental selection for increased parasitoid resistance. We 
have taken a twofold approach: First, we investigated how a selective sweep, combined 
with a reduction in population size, affected neutral genetic variation and caused genetic 
differentiation between selection and control treatment. We assessed the changes in 
neutral genetic variation caused by genetic drift and population bottlenecks, using 
microsatellite markers. Second, we evaluated the genetic basis of increased parasitoid 
resistance and whether it was shared between different Selection lines. This was to assess 
whether the same causal genes and allelic variants for resistance were swept to higher 
frequency during the selection process. 

We showed that the effects of genetic drift were subsidiary in contributing to the 
genetic composition of the lines. Even though average population size in the Control lines 
was 2-15 times larger than in the Selection lines, differences in inbreeding level caused by 
this difference in population size is minimal. When comparing variation in neutral 
markers in both the selection and control treatments and the founding population, we 
found that none of the Selection or Control lines were significant differentiated from each 
other. However the founder population had significantly different FST values against all 
lines and thus was differentiated from both the Selection and the Control lines. Since the 
sample size was slightly higher for the founder population than for the control lines (N=16 
for the founder population and N=12 for all other populations), we repeated the analysis 
with equal sample sizes and found that the pattern persisted and is therefore not due to 
sample size only (data not shown). The founder population was thus differentiated from 
all other populations based on FST. These higher FST values may be due to the presence of 
rare alleles in the founder population that may have been lost in the Selection and Control 
lines. This would not dramatically affect heterozygosity, in agreement with Table2, but 
could increase measures of divergence. Indeed, examination of the microsatellite data 
revealed the presence of private alleles in the founder population. However, most lines 
still showed private alleles for at least one marker (data not shown), indicating that 
sample sizes were small relative to the variation in the populations.  

We conclude that even though the Selection lines have experienced a stronger 
reduction in population size and may thus have experienced bottlenecks, this has not 
resulted in significant differentiation of the Selection line from the Control lines. Neither 
did the selective sweep cause a large reduction in neutral genetic variation in either the 
Selection or in the Control lines, as judged from the very similar measure of the numbers 
of alleles, ne, and heterozygosity, He. Any effects we find in differentiation between the 
eight lines are most likely due to sampling effects from 1) random sampling from the full 
gene pool each generation and 2) the small sample size taken after the final generation of 
selection for genetic analyses, of which the latter may be of stronger effect in this study. 
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We conclude that random genetic drift did not result in stronger differentiation of the 
Selection lines from the founder population than in the Control lines. This indicates that 
population size has therefore been sufficiently large to prevent significant loss of standing 
genetic variation. 

Given that we selected on standing variation, it is important to assess whether 
selection has acted on the same causal alleles in the replicate Selection lines. When 
producing an F1 and F2 from crossing Selection lines 1 and 2 during 2 generations we 
found that resistance was maintained, suggesting a shared genetic basis of resistance. In 
the F2 there was no increase in variance in resistance. If different alleles, or genes, 
contributed to the increased resistance of the two Selection lines, the variance in the F2 
would have been expected to increase with the number of genotypes in the crossed 
populations. Since resistance was maintained when crossing two Selection lines and there 
was little change in variance of the trait, the same allelic variants for parasitoid resistance 
were most likely selected in both Selection lines. Indeed, subsequent sequencing of the 
lines revealed considerable repeatability among lines in the genomic regions that carried 
a signature of selection (Jalvingh et al., 2014). 

We further tested for patterns of dominance. We crossed Selection and Control 
lines and compared the resistance of the offspring with the parental lines. The statistical 
model indicated that the dominance effects were comparable between the two line-pairs. 
Both the Selection and the Control lines contributed to the resistance of the crosses, as 
opposed to patterns expected under full dominance and recessiveness. The F1(SxC) cross 
differed significantly from both parental lines. The reciprocal cross F1(CxS) differed 
significantly from the Parental-S line but not from the Parental-C. Since the crosses 
between the Selection and Control lines tend to have intermediate levels of resistance we 
conclude that this is consistent with codominance of the resistance alleles. Variants 
decreasing resistance may be removed from the gene-pool (purifying selection) during the 
selection process and variants associated with higher resistance may increase in 
frequency (positive selection). Since we found neither complete dominance nor 
recessiveness of the causal alleles, these alleles may yield phenotypes that are visible to 
selection in both homozygotes and heterozygotes. 

The two reciprocal crosses of the Selection and Control lines were significantly 
different from the pure Control lines. We therefore compared a model separating the two 
cross-directions with a model pooling them. We found that a model pooling the two 
directions tended to explain less of the variation in resistance, but this was not significant 
(P = 0.077). This may indicate the presence of paternal effects. However, since this pattern 
is weak and seems to be mainly driven by one of the line-pairs, this indication remains 
inconclusive until more line-pairs are tested. 

In Chapter 4 (Jalvingh et al., 2014) we aimed to identify the genomic regions 
under selection, using an evolve and re-sequence approach. By contrasting genomic 
variation between the control and selection treatments it is possible to identify those 



Effects on standing genetic variation 

 
59 

regions affected by selection rather than by drift. While adaptive traits are often complex, 
they can respond quickly to artificial selection (Chapter 2, (Hartl and Clark, 1997; Hill and 
Caballero, 1992; Kawecki et al., 2012)). We examined the effects of such a rapid selection 
response, where the alleles segregating in the population have changed in frequency 
rapidly enough to double the level of parasitoid resistance in just a few generations.  

Here we show that this approach comparing genomic variation between replicate 
Selection and Control lines is justified in this experimental selection system. Crossing 
replicate Selection lines indicated that they lines share a genetic basis for increased 
resistance, providing statistical power in genomic studies of parasitoid resistance. 
Moreover, the neutral genetic variation present in the founder population seems to have 
been affected similarly in both the control and selection treatments by genetic drift. 
Therefore, in a variable population, together with a sufficiently large population size, 
meaningful genetic variation for downstream genomic analyses remains present in the 
lines even when exerting an intense selection pressure severely reducing survival (with an 
initial mortality rate of approximately 90%).  
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Abstract  
In this study we characterize changes in the genome during a swift evolutionary 
adaptation, by combining experimental selection with High-Throughput sequencing. We 
imposed strong experimental selection on an ecologically relevant trait, parasitoid 
resistance in Drosophila melanogaster against Asobara tabida. Replicated selection lines 
rapidly evolved towards enhanced immunity. Larval survival after parasitization 
increased twofold after just 5 generations of selection. Whole-genome sequencing 
revealed that the fast and strong selection response in innate immunity produced 
multiple, highly localized, genomic changes.  

We identified narrow genomic regions carrying a significant signature of 
selection, which were present across all chromosomes and covered in total <5% of the 
whole D. melanogaster genome. We identified segregating sites with highly significant 
changes in frequency between control and selection lines that fell within these narrow 
“selected regions”. These segregating sites were associated with 42 genes that constitute 
possibly targets of selection. A region on chromosome 2R was highly enriched in 
significant segregating sites and may be of major significance in parasitoid defense. The 
high genetic variability and small linkage blocks in our base population are likely 
responsible for allowing this complex trait to evolve without causing widespread erosive 
effects in the genome, even under such a fast and strong selective regime.  
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Introduction  
Pathogens and parasites form an important and strong selection pressure in nature, and 
consequently, immune responses are among the fastest evolving traits. The immune 
system can defend against an array of parasites. The response to this parasitic pressure is 
multi-faceted and requires successful completion of various physiological processes. 
Generally, a successful immune response 1) recognizes the threat 2) triggers and regulates 
specific immune pathways and 3) neutralizes the threat. Neutralization can involve the 
humoral release of defensive components that directly attack the pathogen as well as 
immune-competent cells for the phagocytosis, lysis or sequestering of the pathogens. 
Immune responses can be costly, both during the induced response and during the more 
constitutive level of readiness to quickly trigger an adequate response (Kraaijeveld et al., 
2002). Evolution of immune responses reflects physiological and evolutionary costs and 
benefits, for instance energetic costs, autoimmunity and pleiotropic effects. These 
processes are in turn mediated by the environment, for example through trade-offs in 
resistance to different pathogens through allele matching, in trade-offs between 
immunity vs. other life-history traits (such as reproduction or competition) or by local 
parasite pressures (both in type and frequency). (Lazzaro and Little, 2009; McKean et al., 
2008; Schmid-Hempel, 2005)  

Substantial genetic variation in immunity exists in Drosophila melanogaster for the 
resistance to parasitoids. Parasitoids are insects whose larvae feed on a host in order to 
complete development and in this process kill the host. Parasitoids can cause high 
mortality in the ecology of D. melanogaster and parasitoid resistance is well studied, both in 
terms of mechanisms, population differences and interactions with various parasitoid 
species (Prevost, 2009). Drosophila species differ substantially in the ability to successfully 
induce an immune response against parasitoid eggs (Prévost and Eslin, 1998; Schlenke et 
al., 2007). Drosophila melanogaster also shows a high level of within-species variation in 
parasitoid immune defense, including strong geographic variation (Gerritsma et al., 2013; 
Kraaijeveld and Godfray, 1999). Moreover, Drosophila defenses show a fast and powerful 
response to experimental selection to parasitoids, and associated changes in phenotypic 
traits and gene expression have been characterized (Fellowes et al., 1998b; Kraaijeveld and 
Godfray, 1997a, 1997b; Wertheim et al., 2011, 2005). Expression studies investigating 
differences between parasitized and non-parasitized D. melanogaster larvae (Schlenke et 
al., 2007; Wertheim et al., 2005) or larvae from populations artificially selected for 
increased parasitoid resistance indicate limited overlap between differentially expressed 
genes (Wertheim et al., 2011). This suggests that the variation in immunity against 
parasitoids could not be explained by a simple regulation of pre-activation of the inducible 
response, and likely has a more complex genetic basis.  

Drosophila, like all invertebrates, only have an innate (and not adaptive) immune 
system to defend against immune compromise. During the immune response against 
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parasitoids in D. melanogaster, three types of hemocytes (i.e. blood cells in invertebrates) 
are mobilized and strongly induced through hemocyte proliferation and differentiation: 
plasmatocytes, lamellocytes and crystal cells (Lemaitre and Hoffmann, 2007). These 
hemocytes mediate melanotic encapsulation, a process where the plasmatocytes (the 
predominant type of hemocytes, involved in phagocytosis and encapsulation) and 
lamellocytes (large, flat and adherent cells) surround the parasitoid egg, become attached 
to the egg and to each other to form a multilayered cellular capsule. The parasitoid egg 
and capsule are melanized through reactive components of the prophenol oxidase 
cascade, for which the precursors are supplied by the crystal cells and lamellocytes, killing 
the parasitoid egg (Hultmark, 2003; Williams, 2007). Lamellocytes are not found in 
embryos or adults flies, and rarely in healthy larvae. Upon infection with a parasitoid egg 
large numbers of these cells can be recruited into the hemolymph (Hultmark, 2003; 
Williams, 2007). Of the immunity related pathways, JAK-STAT, Ras/Raf/MAPK and Toll 
signalling pathways have been implicated in hemocyte differentiation and proliferation 
and may be of particular importance in parasitoid immune responses. (Hultmark, 2003; 
Lemaitre and Hoffmann, 2007; Williams, 2007)  

To describe the genomic changes during the fast evolution of increased 
resistance, we can combine artificial or experimental selection approaches with High-
Throughput (HT) sequencing technology (Stapley et al., 2010; Turner et al., 2011). Studies 
on bacterial evolution, drug resistance and domestication (Barrick et al., 2009; Flori et al., 
2009; Hunt et al., 2010) were the first to combine these approaches, while more 
evolutionary and ecological questions are now also being addressed (Araya et al., 2010; 
Burke et al., 2010; Orsini et al., 2012; Parts et al., 2011; Remolina et al., 2012; Tollrian and 
Leese, 2010; Turner et al., 2010; Zhou et al., 2011). Experimental selection is a powerful 
method to mimic replicate selection events as they could occur in nature. In artificial 
selection experiments, replicate populations can evolve under controlled conditions. 
Using replicate populations derived from a single base population help to separate the 
confounding effects of genetic drift from the effects of selective processes. Subsequent 
genome sequencing of replicated selected and control lines can then reveal genome 
regions that have been affected by the selection process, which may generate new 
hypotheses on the regions and the genes affected. 

Studies on the impact of artificial selection on the genome often focus on long 
term selection (generally >50 generations) and often apply a relatively low (non-lethal) 
selection pressure (Burke et al., 2010; Remolina et al., 2012; Zhou et al., 2011). This could 
emulate gradual processes, such as slow environmental change or a species range 
expansion. In contrast, in this study we are specifically interested in the genomic changes 
due to a sudden and strong selection pressure on a complex trait. In nature, selection 
differentials are often high, as populations may frequently encounter novel and/or strong 
selection pressures that threaten their survival or reproduction. When selection acts upon 
complex polygenic traits, processes such as epistasis and pleiotropy may be important 
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constraining factors. Strong and sudden selection pressures can be caused by both abiotic 
factors (such as temperature fluctuations, heavy metal concentrations or flooding) and 
biotic factors, including changes in ecological community and parasite-host dynamics. 
Such events can wipe out a significant proportion of the natural population, while causing 
a selective sweep of those alleles that enhance the survival of individuals during such 
events. To map the genomic changes in a population during such rapid selective sweeps, 
we will focus on the effects of strong selection causing a pronounced phenotypic change 
in a complex trait, immunity, over a limited number of generations. We expect fast-acting 
selection selection to act upon standing variation and on allele combinations already 
present in the populations, while mutation and achieving new favorable allele 
combinations through recombination will play a less important role.  

In this study we use whole genome sequencing on D. melanogaster selection and 
control lines differing in parasitoid resistance, to assess how selection on this trait 
impacts the genome. We used a naturally derived base population, kept at large 
population sizes, and selected for increased immunological resistance against the 
parasitoid Asobara tabida over five generations, similar to the study of Kraaijeveld and 
Godfray (1997b). The selection procedure was replicated for four lines, and these selection 
lines were compared to matched control lines. As the large population size was only 
reduced during selection, and drift is accounted for through replication, our design 
minimizes sampling linkage disequilibrium (LD) and is expected to minimize the number 
of chance associations. We sequenced a pool of 50 individuals for each of these eight lines 
(four selection, four control). We identified multi-allelic sites across the genome and 
compared various population genetic measures across small windows of the genome 
between the control and selection treatments. We use these data to assess the effect of the 
rapid selective sweep across the genome, to identify regions with a signature of selection 
and to infer possible candidate genes associated with parasitoid resistance. We discuss 
our results in relation to how rapid evolution is likely to proceed in natural situations. 

Methods  

Selection  lines  for  increased  parasitoid  resistance  
The founding population for our selection and control lines was generated from a wild 
population of D. melanogaster that was established from 250 wild caught flies, collected 
near Leiden, the Netherlands in 1995 (Kraaijeveld and Godfray, 1997b; Wertheim et al., 
2011). It was kept as 4 separate large outbred control populations, typically with 
population sizes well over 1000 flies/generation. We mixed the four populations for five 
generations before we started our selection in 2009 to avoid population sub-structuring.  

Adult females of approximately 7-10 day old were used for egg laying. Oviposition 
was at 25 °C after which larvae were reared at 20 °C (the optimal temperature for the 
development of the parasitoid wasps). To avoid crowding larval density was standardized 
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at the early 2nd instar stage by transferring approximately 200 larvae to a new bottle. As a 
selective agent we used Asobara tabida parasitoid wasps from the ‘SOS’-strain (collected in 
Sospel, France, and kept in the lab >10 years). The parasitoids were cultured on Drosophila 
subobscura hosts that show no parasitoid resistance, and were maintained under standard 
culturing conditions (20 °C, 12:12 LD). Wasps were collected after eclosion and stored at 12 
°C in bottles with agar-medium (without yeast or sugar) to maintain humidity and 
provided with honey. Eclosed wasps were allowed to mature during 7-21 days before use in 
the selection experiment.  

At the start of the selection regime D. melanogaster larvae from a single cohort of 
the base population were allocated to 4 separate pairs of selection and control lines. To 
avoid sub-structuring in the lines, each generation the larvae were mixed thoroughly 
before re-distributing them to new bottles. Approximately 200 second-instar larvae were 
transferred to new medium bottles containing a thin layer of yeast. In the selection lines 
the second-instar larvae were subsequently exposed to the parasitoid during 24 hours by 
adding 3-5 parasitoid female wasps and 1-2 male wasps per the bottle. Each generation 
consisted of minimally 10 bottles per line (for initial generations up to 40 bottles per line). 
After removal of the parasitoid wasps the larvae were left to develop normally. After 
pupation each pupa was manually checked under a stereo-microscope for melanized 
parasitoid eggs, which are visible through the puparial wall. Those pupae where a (partial) 
capsule was present were transferred to clean bottles and adults were collected after 
eclosion. Only those pupae that contained a visible capsule and survived to adulthood 
were taken to the next generation. This approach ensured that only flies that 1) were 
parasitized and 2) had successfully defended themselves against the parasitoid attack 
could contribute to the next generation. Average population size in the selection lines was 
242 per line, with a minimum of 88 flies. We selected for 5 generations. For each selection 
line we set up a matched control line that was cultured in parallel with the selected line. 
For these control lines, we transferred the same number of pupae to each next generation. 
As mortality rates in the control lines was much smaller (because they were not exposed to 
parasitoids), the population sizes for these control lines was considerably higher.  

After 5 generations of selection resistance levels of each of the lines was 
measured. We measured resistance by exposing replicated petridishes (containing fly 
medium and a thin layer of yeast in the centre) with 20 2nd instar larvae for two hours to a 
parasitoid wasp of the same SOS strain as those used during the selection experiment. We 
dissected the larvae just before pupation 96 hours after parasitization (3rd instar stage) 
and scored the percentage of the surface of each parasitoid egg that was covered by 
melanin. Only singly parasitized larvae were included in the analyses (average N/line = 75 
±14). Resistance was scored as the proportion of parasitoid eggs that were fully melanized, 
and compared between selection and control lines. Data was analyzed using Generalized 
Linear Models (GLMs), implemented in R 3.0.1, specifying a quasibinomial distribution to 
correct for overdispersion and using F-tests to test for significance of the differences in 
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resistance between the selection and control lines. Encapsulation state (success or failure) 
was the response variable and Control or Selection treatment and replicate (nested within 
treatment) explanatory variables. The data were analyzed per petridish to avoid 
pseudoreplication. 

Sequencing  analysis  
Samples for sequencing were taken after one generation of relaxation of the selection 
regime. All fly samples were collected as virgins within 5 hours of eclosion and stored at -
80 °C. Pooled samples of 50 female flies per line were manually homogenized with a pestle 
and DNA was extracted using the Qiagen DNeasy Blood & Tissue Kit according to the 
manufacturer’s instructions. Illumina library construction was performed using the 
protocols of (Mortazavi et al., 2008). DNA was quantified using a Qubit fluorometer 
(Invitrogen). Additional DNA and gel purification steps were conducted using Clean & 
Concentrator kits (Zymo Research).  

Genomic DNA from each of the eight populations was sequenced as single end 
101 bp reads across eight lanes of an Illumina GAII. Reads were aligned to the complete D. 
melanogaster 5.29 genome using BWA 0.5.7 (Li and Durbin, 2009), allowing up to 8 
mismatches throughout the read. Only unique reads were mapped to the genome. All 
other BWA alignment parameters were kept at default settings. Reads were filtered 
through the GATK workflow (McKenna et al., 2010) using default settings, consisting of 
duplicate removal, indel realignment, and base quality score recalibration (DePristo et al., 
2011). Single nucleotide polymorphisms (SNPs) were called directly from the resulting 
pileup file using bases with phred quality > 20. 

Initially, reads from all eight populations were pooled to identify multi-allelic 
sites across the genome. For this at least 2 alleles had to be observed in the pooled data, 
with an allele being called at least 5 times with a frequency of at least 5% in the pooled 
data. To assess significance of differences in allele frequencies for these multi-allelic sites 
a Fisher's exact test was used to compare the counts of all base calls at each position 
between Selection (S) and Control (C) populations (either as independent replicate pairs 
or pooled control and pooled selection lines). We applied a False Discovery Rate (FDR) 
correction and used a cutoff of 0.01 to designate allele differences significant.  

To identify genomic signatures of selection in the genome, we compared allele 
frequencies and tested for significant differentiation between treatments, exactly as 
implemented in [22]. We tested 4 different population genetic variables: Heterozygosity of 
S scaled by the divergence (D) between S and C populations (Hs/D), heterozygosity of S 
over heterozygosity of C (Hs/Hc), frequency difference between S and C for the major 
allele in C populations (MAF) and Fst value. Increasing allele frequency of a sequence 
variant due to selection is expected to decrease heterozygosity while increasing 
divergence (D), resulting in lower Hs/D values in selected regions. However, when 
selected alleles are rising to intermediate frequency (as during soft sweeps), genome 
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regions may increase in heterozygosity and divergence under selection. We tested for this 
by comparing heterozygosity in the selection and control lines (Hs/Hc). Heterozygosity 
and divergence were defined as: H = (1 – Σover_all_i (pi

2)) where pi is the frequency of the ith 
allele. D = (1 – Σover_all_i (fi x gi)) where fi and gi are the frequencies of the ith allele in the two 
samples compared. MAF, Fst, and per-site allele frequencies were calculated as defined in 
the Supplemental Data of (Yi et al., 2010). Although some of these statistics may not be 
equally sensitive to all changes, the combination of these four statistics and their direction 
of change allow us to recognize the different forms of allelic changes. 

Statistics were calculated per multi-allelic site and averaged across 1kb segments. 
Likelihood scores were calculated across 100kb windows using statistics calculated from 
1kb segments, as described in (Remolina et al., 2012). Significance of selected regions was 
accessed via permutation tests and resampling of the genetic statistic at 100 randomly 
selected 1kb regions across the genome to calculate empirical Likelihood scores. This 
bootstrapping revealed that depending on the genetic statistic being accessed, empirical 
Likelihood scores exceeded 100 only 2-6% of the time. This score of 100 was uniformly 
selected as the threshold cutoff and 100kb windows were classified as significant when 
scores exceeded 100. 

We used four statistics to identify genomic signatures of selection in the 
genome. For each of these statistics, Control lines were also compared against each other 
to account for the different effects of selection and drift. Density distributions of these 
statistics for Selection against Control and for Control against Control lines are clearly 
different (p < 1e-16), with the former having a larger variance. The comparison of 
distributions within replicated Selection against the other Selection lines and within 
replicated Control against the other Control lines shows no significance difference 
(p<0.89). No genomic regions had likelihood score > 24 in any of these comparisons 
(results not shown). Altogether, these results confirm the genomic differences between 
Selection and Control lines and the consistent and concerted changes occurring within 
Selected and Control lines. 

Results  

Selection  for  increased  parasitoid  resistance  
After 5 generations of artificial selection, all 4 Selection lines showed consistent increases 
in resistance. The fraction of D. melanogaster larvae that were able to successfully complete 
encapsulation of a parasitoid egg increased from 20% in the base population to ~50% in all 
4 Selection lines (Figure 1). Resistance ability was significantly higher in all Selection lines 
than in their respective Control lines, while there was no significant difference between 
the four biological replicates of the selection procedure (Control versus Selection: F1,66 = 
22.3, P = 1.45e-05; replicate lines nested within Selection or Control: F6,60 = 0.22, P = 0.97). 
The resistance in control lines did not differ from that in the base population. 



Genomic changes under rapid evolution 

 
69 

 

Genomic  signatures  of  selection  
The eight DNA pools of 50 female flies from the four selection and control lines yielded a 
total of 142 million quality filtered uniquely mapped reads (80%), resulting in 88X 
coverage across the 169Mb genome. Mapping coverage varied across scaffolds, ranging 
from 12-62% of bases covered in heterochromatic scaffolds to 94-97% within the 5 large 
chromosome arms. When only considering the 127Mb covered, coverage increased to 123X 
(Supplemental Table 1). We found 2,300,097 multi-allelic positions or ‘segregating sites’. 
This corresponds to approximately 1 segregating site per 55 base pairs in the covered 
genome (or app. 181 positions per 10kb) 

Using these multi-allelic positions we describe the genomic changes as a result of 
the selective sweep. To identify genomic regions with signatures of selection we 
calculated heterozygosity, major allele frequency and Fst across 100kb windows and used a 
likelihood score for observing extreme values. We identified a total of 23 genomic regions 
with signatures of selection, distributed across all five large chromosome arms (Figure 2, 
top and second panel). These potentially ‘selected regions’ contain between 1 and 100 
genes and vary in size up to 1200kb (Supplemental Table 2). The selected regions together 
cover a total of 6900kb, which corresponds to approximately 3.6% of the total genome (or 
4.8% of the covered genome) and contain a total of 482 genes. Although the Drosophila 
genome is one of the best annotated genomes, for 137 out of these 482 genes, apart from 
the gene prediction, there is no gene ontology (GO) annotation available at present on 
either the molecular function or the biological processes (Supplemental Table 2). Possibly, 
some of these un-annotated genes have immune-related function.  

Figure 1 

Difference in parasitoid resistance between the S and C lines. A) schematic view of Drosophila development 
under parasitization; B) the encapsulation response, including recognition of the egg, recruitment of different 
hemocyte types and encapsulation and melanization of the egg; C) the average resistance in the 4 Selection and 4 
Control lines. Resistance is based on individual larval dissections, and scored as the percentage of larvae that had 
fully encapsulated and melanised the entire parasitoid egg.  
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Figure 2: Genome changes after selection for increased parasitoid resistance. 

Panel 1: Regions with signatures of selection across the genome (indicated in grey), based on different 
population genetic measures: Heterozygosity divided by Divergence, Heterozygosity in Selected/ Heterozygosity 
in Control lines, Major Allele Frequency difference (MAF) or Fst. The x-axis denotes the locations along the 
chromosomes, while the colors indicate the different chromosomes. The black lines are the measures averaged 
over 100kb regions, while the dots are measures averaged over 1000kb. 
 
Panel 2: a conceptual overview of the location of signatures of selection over the different chromosomes. 
 
Panel 3: the FDR-corrected P-values of individual segregating sites within and immediately flanking the 600kb 
selected region on chromosome 2R. The grey block denotes the selected region. 
 
Panel 4: The P- values (not FDR-corrected) for the 600kb selected region on chromosome 2R calculated per 
selection line individually.  
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Genes  potentially  associated  to  increased  parasitoid  resistance  
Among the 345 annotated genes in the selected regions, 91 were associated to pathways 
known to be implicated in immune responses (e.g. JAK/STAT, JNK, notch and the ran/ras 
pathway) or had an annotation that could be broadly linked to parasitoid defense, 
including GO terms such as immune response, stress response, cell death and apoptosis 
(see Supplemental Table 2). Defense-related genes included dnr1, dome, cdc42, CG14225, 
eip75B, amn, GNBP1 and GNBP2, which are involved in cellular or humoral immune 
responses. The gene cdc42 is additionally annotated in hemopoeisis and wound healing. 
The only gene present in a narrow region on 2R, jing, is also annotated with response to 
wounding. DCR-2 and AGO3 are involved in (ds)RNA silencing and defense responses to 
viruses. CadN, CadN2, jing, wrapper dome, cdc42, CG5085 and CG14213 are related to cell 
morphogenesis and cell differentiation processes. Ubqn, car and e(y)3 are involved in 
cellular pigmentation. We found no evidence for a significant enrichment of immune-
related annotations in the genes that are in the selected regions compared to the rest of 
the genome (David Functional Annotation Tool (Li and Durbin, 2009)). Neither did we 
find enrichment when we checked specifically in the three largest selected regions (Table 
1). In contrast to expression studies, we would not necessarily expect over-representation 
of GO categories associated with the trait, as a selective sweep is expected to target one or 
few genes in a genome region as well as affect the regions in LD with these targets. While 
selection may have an impact on positions physically linked to the target of selection, 
over-representation should only be expected when these genes in LD are part of the same 
biological processes and/or interaction networks.  

To associate the selected regions to possible targets of selection, we tested 
frequency difference in all segregating sites between the S and C lines. Highly significant 
frequency changes indicate either targets of selection or are closely associated to one. We 
compared the frequencies of 2,300,097 segregating sites between the Selection and 
Control treatments (Fisher exact test, FDR-corrected P < 0.01) and identified 215 positions 
whose frequency had significantly been affected by the selection treatment (Supplemental 
Table 3). No alleles were swept to fixation between the pooled S and C treatments. These 
highly significant segregating sites are overrepresented within the selected regions 
(hypergeometric test, p<0.001) as 98 of these 215 sites fall within a selected region. The 
vast majority (93%) of these 98 significant segregating sites fall within a 600kb region on 
chromosome 2R. The remaining significant segregating sites were located in selected 
regions on chromosomes 2L, 2R and 3L. Though multiple regions of the genome seem to 
be involved, there seems to be an especially large effect of this 600kb region on 
chromosome 2R.  
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We identified 42 genes within the selected regions that contain one or several 

significant segregating sites within an exon, intron, or in an intergenic region within 
proximity to these genes. We considered these 42 genes associated with segregating sites 
as the possible targets of selection, or ‘candidate genes’, within the selected regions (Table 
1). Several candidate genes were associated with a relatively high number of significant 
segregating sites, such as mbl (24 segregating sites ), tRNA:CR30232 (11), CG10936 (10) and 
ssp4 (9). In 8 candidate genes a significant segregating site fell within an exon, in 15 genes 
one or more segregating sites were present within an intron and 19 candidate genes were 
associated with intergenic segregating sites. The genes mthl4 (G-protein coupled receptor 
stress response), ark (apoptosis, cell death) and rhoGEF2 (cell morphogenis) all contain a 
segregating sites in an exon and have relevant annotations to the trait. DCR-2 and lack are 
both associated to immunity and robo encodes a fibronectin/ immunoglobulin-like protein 
and is involved in cell differentiation.  

Overlap  with  expression  studies  
We cross-referenced the genes underlying the selected regions with two microarray 
expression experiments related to resistance against A. tabida (Wertheim et al., 2011, 2005) 
(Table 1, Supplemental Table 2). One study (Wertheim et al., 2005) describe genes that 
significantly changed in expression in D. melanogaster across a 3 day time course after 
parasitoid attack by A. tabida. We find a total of 5 genes in the selected regions that differ 
in expression in response to parasitoid attack, of which CG14225 and dome are notable. 
Both dome and CG14225 are involved in the JAK/STAT cascade and in cellular immunity. 
CG14225 is a possible duplication of dome and is restricted to the Drosophila sub-lineage 
that has the ability to mount a parasitoid immune defense and may have been under 
positive selection (Wertheim et al., 2005). Activation of CG14225 is suggested to be an 
important factor in the regulation of differentiation of lamellocytes upon wasp 
parasitization (Salazar-Jaramillo et al., n.d.). 

The second microarray study (Wertheim et al., 2011) identified genes that 
changed in expression after selecting for increased parasitoid resistance using identical 
protocols and the same base population as this study. The expression study was 
performed on unparasitized D. melanogaster from egg to late second instar stages. We 
identified 29 genes that overlap with the genes that changed expression after selection for 
increased parasitoid resistance, of which 4 genes (Sip1, CG14478, CG6568 and mthl4) are 
associated with a highly significant segregating site. An additional 7 genes are associated 
to less significant segregating sites, which include fat-spondin (serine-type endopeptidase 
inhibitor), and mthl3 (G-protein coupled receptor, stress response). Of the 29 overlapping 
genes 22 are located on chromosome 2R in two selected regions (table1). Two genes 
RpS10b and CG4250, present on chromosome X and 2R respectively, overlap with both the 
microarray datasets. RpS10b (structural constituent of ribosome) does not have an 
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annotation directly connected to parasitoid resistance and its connection to our trait is 
unclear, but CG4250 (protein feature LPS-induced tumor necrosis factor alpha factor, no 
clear annotation) is found to be almost exclusively expressed in hemocytes (Irving et al., 
2005). Since recognition, encapsulation and melanization of the parasitoid egg is largely 
mediated by hemocytes, future functional characterization of CG4250 may indicate a 
molecular function of this gene in the immune response. We find no significant overlap 
between our dataset and that of the either expression study (Wertheim et al., 2011, 2005) 
(hypergeometric test, p>0.1)  

Discussion  
We rapidly selected for increased parasitoid resistance over five generations, leading to an 
increase in successful encapsulation of the parasitoid egg from 20% in the four control 
lines to 40 to 50% in the four selected lines, similar to previous studies (Kraaijeveld and 
Godfray, 1997a, 1997b; Wertheim et al., 2011). To analyze the impact of the fast and strong 
selection pressure on the genome, we sequenced the genomes of these 8 lines and 
assessed the genomic regions carrying a signature of positive selection. Based on 
population genetic measures over a 100kb genomic window, we identified several 
narrowly defined regions across all the major chromosomal arms that showed signatures 
of selection (Figure 2, panels 1 & 2). Combining this information with the loci that 
changed, we identified putative targets of selection for increased resistance. Two regions 
on chromosome 2R scored high on measures of heterozygosity and divergence and 
contained a high number of significantly different segregating sites between the control 
and selection treatments. Moreover, they contain 24 genes with a defense related 
annotation and 22 genes that changed expression after selection for parasitoid resistance 
(Wertheim et al., 2011). No over-representation of GO categories was found. However, this 
would not be expected unless the region impacted by selection is enriched for genes with a 
related/shared annotation. While the strongest signal was in two selected regions on 
chromosome 2R, other genomic regions carrying a signature of selection strongly suggest 
that there may have been multiple targets of selection during the selection response. 

A 600kb selected region on chromosome 2R, can be considered a region of major 
effect to parasitoid resistance. In this region 100 genes are present, of which 32 can be 
associated with highly significant segregating sites and may therefore be considered 
possible targets of selection, or 'candidate genes' within this region. We do not expect all 
significant segregating sites in a selected region to be functionally related to the trait, nor 
that all segregating sites are targets of selection. Rather, during the selection process 
variants associated with the targets of selection (for example through linkage) have been 
swept through hitchhiking processes. When considering the segregating sites located in 
this region, we find a relatively high number of significant segregating sites in the last 
50% of the region, indicating that the effect of selection has been strongest here (Figure 2, 
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panel 3). When testing each of the 4 selection lines separately against the pooled control, 
significantly changed segregating sites in this region are present in all replicates (Figure 
2, panel 4). This 600kb region on 2R will be further investigated in future studies on both 
the selection lines and in natural populations that differ in parasitoid resistance. 

Chromosome 2R was previously associated with loci conferring parasitoid 
resistance. Orr and Irving (Orr and Irving, 1997) crossed three European D. melanogaster 
strains with marker lines, and showed resistance ability segregated with the second 
chromosome. Studies on isofemale Drosophila lines also identified two loci on 
chromosome 2R, containing alleles conferring resistance against A. tabida (Rst(2)At) or 
another parasitoid, Leptopilina boulardi (Rst(2)Lb) (Poirie et al., 2000). The first was 
localized near the centromere at 2-51.3, and the second in a 100kb region starting from 
55E2 (Hita et al., 2006; Poirie et al., 2000). Neither of these locations overlaps with the 
selected regions we identified. Finally, chromosome 2R was significantly enriched for 
differentially expressed genes after selection for increased parasitoid resistance, using the 
same base population (Wertheim et al., 2011). One cluster of differentially expressed genes 
on 2R in (Wertheim et al., 2011) overlaps with our 600kb region, providing additional 
support that genes on chromosome 2R are involved in variation in parasitoid resistance. 
It also indicates that selection for increased resistance affected the regulatory control of 
genes in this region. 

Even though immunity itself may function in complex ways, the genetics of 
differences in parasitoid immunity have been suggested to be more simple and under the 
control of one or few loci (Carton et al., 2005; Dupas et al., 2003). Although our data 
cannot conclusively establish either a single locus or a combination of genes conferring 
increased resistance, our results would argue for a suite of genes being involved. We find 
multiple selected regions, with 1-2 possibly of major effect on 2R, including a number of 
genes with high support as targets of selection (e.g. mbl, CG10936) and a number of genes 
found to also differ in expression. Since we do not find the same ‘tabida resistance gene’ as 
identified by (Poirie et al., 2000), it seems that several genes can be involved in the 
differences in resistance among populations, possibly enriched in 2R. In contrast to the 
isofemale studies our study used outbred lines and replicated selection processes. We may 
therefore be more likely to pick up multiple alleles that in combination increase 
resistance. Moreover, some level of (successful) parasitoid defense is present in the 
control and base populations. Therefore, we do not compare 'presence /absence' of the 
trait but a more realistic gradient of variation. By re-sequencing pools of individuals per 
line rather than individuals however, we cannot disentangle if and which combinations of 
co-occurring segregating sites may interact. It would be interesting to test if the 
segregating sites we identified as under selection are co-selected. 

Several studies so far have combined artificial selection and re-sequencing in D. 
melanogaster. These studies mostly employ selection on standing variation, which is most 
representative for selection in natural populations of multicellular, sexually reproducing 
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animals (Bijlsma and Loeschcke, 2012). This contrasts to experimental evolution studies in 
bacterial and other unicellular model systems that often require accumulation of novel 
mutations (Beaumont et al., 2009; Blount et al., 2012; Hunt et al., 2010). The traits that 
have been artificially selected in these Drosophila studies range from fairly simple (e.g. 
courtship song (Turner and Miller, 2012)) to complex (developmental time (Burke et al., 
2010), life span (Remolina et al., 2012), laboratory adaptation (Orozco-terWengel et al., 
2012)). By an experimental approach on this genetically tractable model system, we are 
gaining important insight in the genomic impact and constraints of adaptive evolution. 

Generally, Drosophila, seems to be able to respond strongly to selection from 
standing variation, even in a few generations, under strong selective pressure (Turner and 
Miller, 2012). While the majority of published studies have assessed genomic effects after 
relatively many (up to 600) generations of selection (Burke et al., 2010; Remolina et al., 
2012; Turner et al., 2011; Zhou et al., 2011), we selected for only 5 generations on a complex 
trait, immunity. Several of the previous studies estimated the size and number of gene 
regions affected by a selection sweep (Remolina et al., 2012; Turner and Miller, 2012; 
Turner et al., 2011; Zhou et al., 2011). For example, Remolina et al (Remolina et al., 2012) 
found several localized regions affected by selection for lifespan, associated with one or a 
few favorable haplotypes that started at very low frequency in the base population. Turner 
and Miller (Turner and Miller, 2012) found large diffuse regions to be affected after 14 
generations of selection for courtship song, with very few dramatic changes in allele 
frequency. The fast and strong selection pressure we exerted was associated with a fairly 
large number of highly localized regions, across all the chromosomes, of which one 
specific region was best supported. The number of regions we identified indicates that a 
fast selection process can still be associated with a response in various specific genomic 
areas, rather than depleting variation over a large region of the genome. Similar to studies 
that selected for many generations, our selection response showed genome-wide effects 
with relatively narrow selected regions. This is in contrast with the general assumption 
that a fast response to selection leads to fixation of a small number of major affect alleles. 
This indicates that the observation that selection can impact comparatively small 
stretches of genome is not limited to long selection times.  

An important determinant of selected region size may be the size of linkage 
blocks, which in turn depends on the population size and the amount of recombination in 
the lab (Nuzhdin et al., 2007). Population size therefore is an important consideration in 
selection experiments as it influences the amount of standing genetic variation available 
for selection to act upon, but also increases the scope for recombination and the rise of 
favorable allele combinations and limits the confounding effects of drift. As the 
populations in this study were sampled in 1995 and kept in large numbers until selection 
commenced in 2009, recombination occurred for approximately 100 generations 
providing optimal conditions for small linkage blocks. In natural situations, the scope for 
recombination in D. melanogaster populations is high due to large population sizes and 
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fast generation times, and LD in this species tends to decay fast (in the range of a few 
hundred bp) (Mackay, 2004). Moreover, no alleles were swept to fixation and variability in 
segregating sites frequency persisted within the selected regions, indicating that 
minimum population size seems to have been large enough to avoid severe bottlenecks. 
By using replicate selection events, we also greatly reduced the impact of drift in our 
analysis. Only regions that carried signatures of selection in multiple lines passed our 
significance thresholds. An alternative determinant for the size of selected regions could 
be naturally occurring chromosomal inversions that may exist in our base population, 
which could be swept through the population when they harbor a target of selection.  

Not all features within a selected region will show the change of allele frequency. 
Rather, which segregating sites show such a change must depend on initial 'chance 
sampling LD' (Nuzhdin and Turner, 2013). Our design minimizes sampling LD as we have 
never reduced the large size of population except during selection, and drift during 
selection is accounted for through replication. Accordingly, our design is expected to 
minimize the amount of chance associations. We consider the information obtained from 
individual segregating sites to be most informative when combined with heterozygosity 
changes over genomic windows. The individual segregating sites are significantly 
clustered in the selected regions (i.e. <5% of the genome). When considering individual 
segregating sites we are pleased to see relatively few segregating sites showing changes in 
allele frequency (see for comparison e.g (Orozco-terWengel et al., 2012; Turner and Miller, 
2012)). Since we focus on a smaller set of segregating sites (at a more conservative 
significance threshold), a larger proportion might be causally associated to selection, 
rather than through 'sampling LD'.  

Under hard selective sweeps over many generations where alleles are swept to 
(almost) fixation, selected areas tend to be associated with lower heterozygosity (Burke et 
al., 2010; Remolina et al., 2012). Under soft selective sweeps, selected alleles increase in 
frequency from relatively low initial frequencies, increasing heterozygosity. We combine 
both patterns of heterozygosity as a diagnostic measure with changes in allele frequency 
and Fst values. The pattern that no alleles are swept to fixation seems to be consistent 
between the studies published so far, including ours, and indicates that soft (incomplete) 
sweeps are common in genomic responses to selection. This is an interesting observation 
to make, and may indicate that hard sweeps are rare in these kind of experiments and that 
genetic drift over longer time periods assists the fixation of beneficial alleles. Incomplete 
sweeps may be relatively common in nature as well, especially under selection at short 
timescales, rarely fixating loci and maintaining genetic variation. Additionally, recessive 
deleterious alleles may, through inbreeding depression, further restrict fixation by 
constraining homozygosity in localized regions (Bijlsma and Loeschcke, 2012).  

Phenotypic change in parasitoid resistance tends to level off after only a few 
generations of selection (Fellowes et al., 1998b; Kraaijeveld and Godfray, 1997b) and 
subsequently persists without further selection (for >20 generations, Chapter2). It seems 
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unlikely that important genetic variation in the selection lines has been exhausted after 
such a limited number of generations of selection. Heterozygote advantage and/or 
inbreeding depression may in part limit the extent to which advantageous allele 
combinations can increase in frequency. It is also possible that epistasis, pleiotropy, 
strong physiological and/or genetic trade-offs limit maximization of resistance and the 
trait is selected to an optimum rather than a maximum. The identified candidate genes 
have a wide range in GO annotations, which may indicate ample opportunity for 
pleiotropy.  

The immune response against parasitoids in Drosophila is hemocyte mediated. 
Selection lines show significantly increased densities of blood cells in the hemolymph 
compared to control lines (Kraaijeveld and Godfray, 1997a; Wertheim et al., 2011, Chapter 
2) . Within and among-species differences in hemocyte density were also associated with 
encapsulation ability (Eslin and Prevost, 1996; Prévost and Eslin, 1998). Both cell 
proliferation and differentiation may play in important role in the regulation of a 
successful immune response (Gerritsma et al., 2013; Lemaitre and Hoffmann, 2007; 
Williams, 2007). The candidate regions we identified included 91 that are either linked to 
immune responses or to cell differentiation. We hypothesize that variation in genes 
associated to (hemocyte) cell differentiation may well be a target of selection in natural 
populations. 

The regions we found affected by selection in a single population are not 
necessarily similarly affected among populations. Population and species specific 
properties may differentially shape selection responses in complex traits. Moreover, 
genetic changes may affect whole regulatory cascades, with limited scope for change in 
'key' genes in the cascade. A first step toward testing if selection for parasitoid immunity 
in one population has predictive value for other populations, will be to assess if similar 
genetic differences can be associated with among-population variation in parasitoid 
defense. Furthermore, functional characterization of the candidate genes is an essential 
next step to assess whether these genes can cause genetic variation in resistance. 

In this study we showed new insights into how fast evolutionary responses can 
impact the genome, having detected selection on multiple genome regions and no 
fixation of individual alleles. Experimental evolution in a laboratory setting is an idealized 
situation in which to study adaptation, avoiding or minimizing migration, stochasticity 
and forcing discrete generations. In the case of parasitoid defense, alternative 
adaptations may be selected under increased parasitoid pressure in nature (e.g., increased 
developmental speed or behavioral avoidance). Community assembly (including 
alternative hosts, parasites, pathogens and beneficial mutualists) may conceivably 
mitigate population bottlenecks and provide alternative response trajectories. Similar 
studies on natural Drosophila populations and other model systems will be important to 
assess how these factors influence selective sweeps. Currently, genomic studies on 
naturally replicate selection events, in for example Daphnia (Orsini et al., 2012), three-
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spined sticklebacks (Jones et al., 2012) and plants (Friesen et al., 2010; Turner et al., 2010), 
are providing complementary insights into how populations are responding to selection 
at the whole-genome level.  
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Abstract  
In a previous study, we used Next Generation Sequencing to measure changes in allele 
frequency at the population level. We interrogated the genome for polymorphic positions 
that had changed after experimental selection for increased parasitoid resistance. In the 
current study, we aim to directly link individual phenotypic and genotypic variation. We 
followed up on 10 SNPs from our previous study that were considered putative targets of 
the experimental selection for increased parasitoid resistance in Drosophila melanogaster 
(Jalvingh et al., 2014), Chapter 4). To assess whether any of these 10 SNPs could indeed 
have been the target of selection for increased parasitoid resistance, we determined the 
individual phenotype and SNP genotype for 144 individuals and test for associations of 
each allele to levels of parasitoid resistance. Secondly, we characterized the changes in 
allele frequencies throughout the five generations of experimental selection. The 
individual genotypes of 2 SNPs, in muscleblind and CG17287, were significantly associated 
with individual resistance levels. Additionally, these allele frequencies changed gradually 
throughout the five generations of selection. Six of the 10 SNPs fell within a 600kb 
genomic region that was statistically highly supported as a region affected by 
experimental selection. We calculated the linkage phase disequilibria, or "haplotypes", for 
these 6 SNPs. Multiple linkage phases increased in frequency during selection. In all 
linkage phases that increased in frequency in the 4 selection lines with increased 
parasitoid resistance, the minor allele in muscleblind was consistently favored. By 
specifically associating genomic variation with individual resistance, we refined our 
results provided by a "select and re-sequence" approach and successfully linked the 
genotype in two candidate genes with individual parasitoid resistance.  
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Introduction  
Experimental selection approaches are used to study adaptive evolutionary processes in a 
controlled environment. By exposing replicate populations, derived from a single 
genetically variable source population, to a particular environmental condition, 
experimental selection mimics a replicated and controlled natural selection response. 
Combining experimental selection with Next Generation genome Sequencing (NGS) 
allows for a comprehensive examination of the genomic changes caused by the selection 
process (Kawecki et al., 2012; Nuzhdin et al., 2012; Remolina et al., 2012). This can be used 
to elucidate the underlying genetic mechanisms of phenotypic traits, and how 
evolutionary processes act on these traits. In this approach, NGS interrogates the genome 
for polymorphic positions that changed in allele frequency after experimental selection 
and are therefore putatively associated with the changed phenotype (a “select and re-
sequence” approach). The allele frequencies of genetic variants, such as SNPs (Single 
Nucleotide Polymorphisms) or indels (insertion or deletions), are compared between the 
selection and control populations. Consistent changes are reported either for individual 
genomic positions or for 'sliding windows’ across small genomic regions. One of the 
advantages of this technique is that it does not use a priori expectations based on gene 
function and may therefore reveal genes that have not yet been associated with the trait 
under consideration.  

It is important to realize, however, that this "select and re-sequence" approach 
has certain limitations. Firstly, it is in essence a population genomics approach, which 
associates an overall change in allele frequency in selected populations with the 
population level change in the phenotype. Individual variation in phenotypes and 
genotypes are not directly linked in this approach. Secondly, this approach often yields 
many genomic positions that significantly change in allele frequency, not because they are 
causal, but rather because they are in linkage disequilibrium with a selected position 
(Nuzhdin and Turner, 2013). Additionally, some correlated positions may also result from 
statistical artifacts (false positives).  Therefore, even though resultant positions of interest 
have been associated to the selection response, it is unclear whether an individual with a 
particular candidate allele indeed shows the associated phenotype, i.e. whether this locus 
is causal. Careful following-up on results obtained through genomic studies is therefore 
imperative in the characterization of the effects of selection.  

To validate the causality of loci that changed in allele frequency, the functional 
characterization of these candidate loci is commonly attempted. Especially in model 
systems, such as Drosophila and Arabidopsis, transgenic tools are readily available. 
However, in the absence of a single clear candidate position or gene, this may initially not 
be feasible or prudent. For complex traits, often many candidate loci are under 
consideration, and the execution of these experiments is then both complicated and 
extensive. Moreover, the genetic background can have large effects on the effects of a 
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polymorphism (David et al., 2004; Mackay, 2004). Isofemale lines, which are often 
necessary for transgenic experiments may therefore have substantially different 
responses to manipulation of a single gene than “wild type” or naturally derived 
populations used in the selection experiment. Finally, most of the success is in 
developmental biology. Functional characterization experiments often consider 
preferentially genes that had previously been annotated with an involvement in the trait 
of interest. However, in selection responses, allelic variation in genes that are not well 
annotated or have not been associated to the trait of interest may be of importance. 
Moreover, genes that modulate a trait may be of importance rather than mutations in 
genes of large effect.  

In a previous study, we used genomic re-sequencing in a selection experiment on 
parasitoid resistance in Drosophila melanogaster (Jalvingh et al., 2014), Chapter 4). This 
study applied a fast and strong selection pressure that resulted in a rapid phenotypic 
response. Some D. melanogaster larvae, when infected by the parasitic wasp Asobara tabida, 
are able to mount a successful immune response that results in the encapsulation of the 
parasitoid egg. Experimental selection changed the frequency of successful encapsulation 
from approximately 20% in the control lines to 50% in the selection lines. (Chapter 2, 
Chapter 4). Genomic re-sequencing of the four replicate selection and control lines 
identified 24 genomic regions affected by selection, including one region that was 
particularly well supported by frequency differences in individual SNPs. Of the 215 SNPs 
with a highly significant change in allele frequency, 98 were associated to the selected 
regions, 91 of which were associated to a single genomic region on chromosome arm 2R 
(Jalvingh et al., 2014), Chapter 4). Not all these identified SNPs (or genes) are expected to 
affect parasitoid resistance. In fact, in experiments such as ours, the number of causal 
positions can be expected to be no more than a few dozen (Nuzhdin and Turner, 2013) or 
less. These positions that are affected by selection, but are not causal to parasitoid 
resistance, can be chance associations that are in linkage disequilibrium with genomic 
features that are causal to the increase in resistance. Further examination of candidate 
alleles is therefore needed, both to measure their phenotypic effects and to assess the 
responses of the individual SNPs to selection.  

In this study we follow up on a selection of candidate SNPs, associated to 
candidate genes identified by the “selection and resequence” study of Jalvingh et al. (2014, 
Chapter 4). To further elucidate the genetic basis of the response to selection we aim to 
link the genotypes with the phenotype of individual D. melanogaster larvae.  We selected 10 
candidate SNPs from the genome study. We chose 6 candidate SNPs within the best-
supported genome region on chromosome arm 2R, 1 in an adjacent region on 
chromosome arm 2R (Jalvingh et al., 2014), Chapter 4) and 3 candidate SNPs on other 
chromosome arms. For each of the 10 SNPs, we associated individual SNP genotypes with 
individual resistance ability, to assess whether the presence of an allele is associated with 
an increased probability of successful immune response against parasitoids. For this we 
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determined both the phenotype and the SNP genotype of 144 parasitized larvae across all 
the Control and Selection lines. Additionally, we followed the allele frequency change for 
the SNPs throughout the 5 generations of experimental selection from samples that were 
collected during the selection procedure. For this, adult flies that had survived 
parasitation as larvae were sampled throughout the selection process and were 
individually genotyped. For the 6 SNPs in the well-supported region on chromosome arm 
2R we also assessed the linkage phase disequilibrium, identifying which combinations of 
SNPs increased and which decreased in frequency throughout the selection process. 
Combined, this approach allowed us to dissect the genotypic response to selection, and to 
associate polymorphic positions to individual differences in phenotype.  
 

Methods  

Stocks  and  Experimental  Selection    
The stocks and selection regime have been described in detail in Chapter 2 and Chapter 4 
of this thesis. Briefly, D. melanogaster flies from a founder population originally collected 
in the Netherlands (Kraaijeveld and Godfray, 1997b) were cultured at 20°C, in a 12:12 light-
dark regime on standard medium. The A. tabida parasitoids (SOS line, originally collected 
in Sospel, France) were maintained on D. subobscura larvae. After eclosion all adult 
parasitoids were collected and stored at 12°C.  

Four replicate Selection and Control lines were established from a single, 
outbred, source population (Chapter 2, 4, (Kraaijeveld and Godfray, 1997b). During 5 
generations, 2nd instar Drosophila melanogaster larvae were exposed to the parasitoid wasp 
Asobara tabida for 24 hours and were allowed to develop into pupae. All pupae were visually 
checked for the presence of a melanized capsule, indicating an immune response against 
the parasitoid. Only adult flies emerging from a pupa containing a capsule (i.e., those that 
survived parasitisation) contributed to the next generation. In the Control lines the same 
number of pupa was collected as in the Selection lines. After 5 generations of selection 
parasitoid resistance had increased from 20% resistance in the Control lines to 50% 
resistance in the Selection lines (Jalvingh et al., 2014). The Selection and Control lines were 
subsequently maintained without further selection, except for 1 generation of re-selection 
6 generations after the initial experiment. The lines were maintained on standard 
medium (26 g dried yeast, 54 g sugar, 17 g agar, and 13 ml of a nipagine solution (10 gr/100 
ml 96% alcohol) per liter) and standardized densities of ~200 flies/bottle.  

Phenotype-‐Genotype  assay  
In order to obtain samples for which both the genotype and their parasitoid resistance 
was known, we experimentally infected 2nd instar larvae and assessed their resistance 
using dissections. The experiment was performed after 46 generations of no selection. 
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Three of the four Selection lines still had a higher level of resistance to parasitoid infection 
than the Control lines (Chapter 2). We collected in total 144 phenotyped samples: 54 (13 
resistant, 41 susceptible) from the Control lines and 90 (47 resistant, 43 susceptible) from 
the Selection lines.  

In Chapter 2 of this thesis in Resistance Assay 2 we describe the collection and 
the scoring of resistance in these larvae in detail. Briefly, parasitation of 48 hours old 2nd 
instar larvae was observed under a stereo-microscope. After parasitation the larva was 
transferred to a petridish containing standard medium and a thin layer of yeast and 
allowed to develop for 96 hours at 20°C. Third instar larvae were dissected and the amount 
of melanin surrounding the parasitoid egg was scored. Since survival of the host requires 
complete sequestering of the parasitoid egg, only larvae where the parasitoid egg was 
completely surrounded by melanin were scored as resistant. Immediately after dissection 
the larval carcass was transferred to 200 µl TE buffer (1mM Tris, 0,1 mM EDTA), and 
frozen at -20°C within 3 hours.  

Larval DNA was extracted using a high-throughput DNA extraction method, 
adjusted after (Hoarau et al., 2007). Tissue was homogenized with a pestle in 50 µl 
digestion buffer (2ml 5M NaCl, 1 ml 1M Tris-HCl pH 8.0, 5 ml 0.5M EDTA pH 8.0, filled up 
to 97.5 ml with Milli-Q purified water (from hereon referred to as MQ) and 2.5 ml 20% SDS 
added after autoclaving).  Another 50 µl of digestion buffer containing 2 µl of 0.4 mg/ml 
proteinase K was added for overnight incubation at 55 °C. After incubation 40 µl of 6M 
NaCl (35g NaCl saturated in 100ml dH2O) and 100 ul Chloroform was added to each 
sample. Samples were centrifuged for 20 min at 3000 rpm and the supernatant 
transferred to a Millipore (MSFBN6B50) filter plate that contained an equal amount of 
binding buffer (90.8 g NaI, 1.5 g Na2SO3, fill to 100 ml with MQ and filter). The filter plate 
was centrifuged at 1000 rpm for 15 minutes and 2000 rpm for 10 minutes. The same 
volume of ice-cold wash buffer (freshly prepared solution of 10.8 ml 100% EtOH and 4.2 ml 
stock wash buffer: 2.5 ml 4M NaCl, 2 ml 1M Tris-HCL pH 8.0, 0.2 ml 0.5M EDTA pH 8.0, 
filled up to 100 ml with MQ and autoclaved), was added to the supernatant before 
centrifuging again for 10 minutes at 3000 rpm. The samples were washed three times to 
remove the high concentration of salt in the samples. The plates were dried at RT during 
30 minutes. DNA was eluted with 100 µl warm (55 °C) elution buffer (0.1x TE: 100 µl 1M 
Tris-HCL pH 8.0, 20 µl 0.5M EDTA, fill up to 100 µl with MQ) and incubated for 5 minutes 
before centrifugation (5 minutes, 1000 rpm and 5 minutes 2000 rpm).  

Allele  frequency  changes  throughout  selection  
Throughout the selection process, adults were collected and frozen at -20°C directly after 
egg-laying. At the onset of selection the source population laid four batches of eggs over 10 
days, from each of which one pair of Control and Selection lines was founded.  A random 
sub-set of the source population was taken immediately after egg-laying for each of these 
batches. Throughout the 5 generations of selection, adults of each of the Control and 



Genotype-phenotype associations of candidate SNPs 

 
87 

Selection lines were collected and frozen immediately after egg-laying. After all samples 
had been taken, all samples were frozen at -80°C for long-time storage.  

DNA was isolated from 24 females per line after 0 (source population), 1, 2, 3 and 
5 generations of selection. The tissue of individual flies was homogenized with a 
motorized pestle and DNA from the adult flies was isolated using the Qiagen DNeasy 96 
Blood & Tissue kit, following the Qiagen Purification of Total DNA from Animal Tissues 
protocol on 96 well plates. 	  

SNP  calling  
Ten SNPs were selected for phenotyping (Table 1). These SNPs were selected from the 
genome study of Jalvingh et al. (2014, Chapter 4) and all had changed significantly in 
frequency in the Selection lines compared to the Control lines (FDR corrected P value 
<0.05). Six of these SNPs are located within a 600kb region on chromosome 2R that had 
been highly supported as a candidate region for parasitoid resistance (Chapter 4). Using 
information for these SNPs among field lines that differ in parasitoid resistance, we 
preferentially selected SNPs that carried a signature of selection in these field lines 
(Gerritsma et al., n.d.). Each SNP was either located in an exon, located in a position that 
could potentially affect gene expression, or in a gene that had a remarkably large number 
of significantly different SNPs (mbl) in the genome study. Three other SNPs were located 
on chromosome 3R, not associated to a genomic region in the genome study and resulted 
in a non-synonymous amino acid change.   

DNA extracted, either from the adults collected throughout the selection process 
or from individually phenotyped larvae, was diluted and brought to a concentraction of 5 
ng/µl. All SNPs were genotyped at DNA Markerpoint, Institute of Biology, Leiden, using a 
Kompetitive Allele Specific PCR (KASP) genotyping assay (Semagn et al., 2014). For 10 SNP 
loci KASP primers were designed using the Kraken software of LGC genomics. DNAs were 
diluted to 1 ng/µl and analysed in uniplex on the LGC genomics SNP genotyping line 
according the manufactures instructions. Genotypes were called using the Kraken 
software. Primers were ordered at Integrated DNA Technologies. 

Statistical  analysis  of  phenotype-‐genotype  associations  
The association of individual SNPs with phenotype was assessed using a Generalized 
Linear Model (GLM) implemented in R 3.1.2. Specifying a binomial distribution, this 
model tested the binary response variable Encapsulation success (success or failure) 
against SNP genotype (allele 1, allele 2 or heterozygote), Treatment (Selection and Control 
regime) and the interaction term SNP genotype: Treatment. We used model-
simplification, eliminating non-significant variables sequentially from the model. Finally, 
we included all SNPs with a significant contribution to Encapsulation success in a single 
GLM, including the interactions between SNPs. This tests not only the individual 
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contributions to parasitoid resistance, but also considers possible interactions between 
SNPs.   

Linkage  phase  disequilbrium  in  PHASE  
For the flies that were collected throughout the selection process, linkage phase 
disequilibrium was scored of the six selected SNP positions within a 600kb region on 
chromosome arm 2R . We calculated linkage phase disequilibrium in PHASE 2.1.1 
(Stephens and Donnelly, 2003; Stephens et al., 2001), specifying a recombination model 
and initializing estimates for recombination rates between the alleles. Frequency 
estimates of each phase were calculated by PHASE for each sample-group, and are 
reported as population linkage phase (haplotype) frequency. In the PHASE analysis, the 
generation number (0,1,2,3 or 5) and treatments (Selection or Control regime) were 
combined to create 10 groups. Per treatment, replicate lines were pooled to increase 
power in the analysis.  
  

Table 1: SNP positions 

Overview of the SNPs characterized in this study, including associated gene (synonym and Flybase ID), gene 
annotations and chromosomal location. Each SNP had a significant frequency difference in Selection lines 
compared to the Control in the genome study, and most were located in genomic regions with a signature of 
selection (see Jalvingh et al., 2014 for further details).  
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Results  
We scored the ability of individual D. melanogaster larvae from Selection and Control lines 
to resist parasitation by A. tabida. For each phenotyped individual, we assessed the 
genotype of 10 candidate SNPs (described in Table 1). Each SNP was analyzed individually 
in statistical models. The association of SNP genotype with individual resistance ability 
was assessed in a GLM, explaining resistance (success or failure) by genotype (allele 1, 
allele 2, heterozygote), treatment (selection or control regime) and the interaction 
between genotype and treatment. For all SNPs, the selection regime contributed 
significantly to explaining the resistance. This reflects the larger number of resistant 
individuals from the Selection regime in the assay, and inclusion of 'treatment' in the 
model therefore statistically corrects for this confounding factor. For two SNPs, in the 
genes Muscleblind (mbl) and CG17287, we found that allelic variation ('genotype') was 
significantly associated to resistance (Table 2). This indicates that either the alleles of 
these SNPs, or those of a closely linked genetic variant, contribute to parasitoid resistance 
in these lines. In none of the models we found a significant interaction between genotype 
and Selection or Control treatment. This suggests that any effects of these SNPs are not 
conditional on the genetic background present in the Selection and Control lines.  

In mbl, experimental selection decreased the frequency of the T allele. The TT 
genotype was more often present in susceptible than in resistant larvae of the Control 
lines (Figure 1A). In the Selection lines the TT and the CT genotype was found at a much 
lower frequency than in the Control lines. This fits the expected pattern of selection acting 
against an allele that impedes parasitoid resistance. In CG17287 the G allele was favored by 
selection. Consequently the TT genotype was found in the Selection lines at a lower 
frequency than in the Control lines, while in the Control lines the TT genotype seems to be 
more frequent in the resistant larvae (Figure 1B). This pattern is not intuitively clear if this 
SNP would be causal. Possibly the higher frequency of the GG genotype in the Selection 
lines indicates selection acting to increase the G allele. Alternatively, the genotype-
phenotype patterns in these two SNPs are caused by linkage of these positions with a 
different (causal) allele.  

To assess the action of selection on these two SNPs that were significantly 
associated to parasitoid resistance, we determined the frequency of each SNP throughout 
the selection process (Figure 1C +1D). Selection consistently increased the frequency of the 
minor alleles, causing gradually increasing frequency differences in each generation of 
selection. This pattern was apparent in all the replicated selection lines. Heterozygosity 
was not shifted towards an excess of heterozygotes in mbl (Figure 1E) and for all samples 
except generation 5 in CG17287 (Figure 1F). This indicates that heterozygotes were not 
disproportionally over-represented among the individuals that survived parasitation. We 
therefore see no evidence of heterozygote advantage acting on these SNPs during the 
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selection process, but there is evidence for directional selection for the minor alleles, 
especially in mbl.  

Both mbl and CG17287 are located on chromosome 2R within a genomic region 
that was identified as a putative region of major effect on parasitoid resistance in the 
genome study by Jalvingh et al (2014, Chapter 4). Of the 10 SNPs assessed here, 6 SNPs are 
located in this 600kb genomic region, including those in mbl and CG17287. We calculated 
linkage phase disequilibrium between these 6 SNP positions in PHASE (Stephens and 
Donnelly, 2003; Stephens et al., 2001) for each generation of selection in both the Control 
and Selection treatments (Figure 2). In the Control lines, all combinations of allele 
frequencies remained very similar across the 5 generations of selection. In the Selection 
lines, five combinations of alleles increased in frequency (Linkage phase 1, 2, 9, 17 and 26), 
and three phased allele combinations decreased in frequency throughout the selection 
process (Linkage phase 8, 30, 33). Those linkage phase disequilibria that increased in 
frequency consistently carried the C allele in mbl, while those that decreased in frequency 
consistently carried the T allele (Table 3). This supports the suggestion that the C-allele in 
mbl is a causal SNP that affects parasitoid resistance and that was favored by selection. In 
contrast, the G allele in CG17287 was present in one linkage phase equilibrium that 
decreased in frequency and the T allele in all others (Table 3).  

Both mbl and CG17287 are located on chromosome 2R within a genomic region 
that was identified as a putative region of major effect on parasitoid resistance in the 
genome study by Jalvingh et al (2014, Chapter 4). Of the 10 SNPs assessed here, 6 SNPs are 
located in this 600kb genomic region, including those in mbl and CG17287. We calculated 
linkage phase disequilibrium between these 6 SNP positions in PHASE (Stephens and 
Donnelly, 2003; Stephens et al., 2001) for each generation of selection in both the Control 
and Selection treatments (Figure 2). In the Control lines, all combinations of allele 
frequencies remained very similar across the 5 generations of selection. In the Selection 
lines, five combinations of alleles increased in frequency (Linkage phase 1, 2, 9, 17 and 26), 
and three phased allele combinations decreased in frequency throughout the selection 
process (Linkage phase 8, 30, 33). Those linkage phase disequilibria that increased in 
frequency consistently carried the C allele in mbl, while those that decreased in frequency 
consistently carried the T allele (Table 3). This supports the suggestion that the C-allele in 
mbl is a causal SNP that affects parasitoid resistance and that was favored by selection. In 
contrast, the G allele in CG17287 was present in one linkage phase equilibrium that 
decreased in frequency and the T allele in all others (Table 3).  
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Figure 1 Frequency of CG17287 and mbl  

In two genes, mbl and CG17287, we showed a significant association between genotype and resistance ability. 
Panels A and B the depict genotype frequencies in resistant and susceptible larvae of the Selection and Control 
lines for mbl and CG17287 respectively. In Panels A and B the Control lines in blue are indicated and the Selection 
lines in red. For both the Selection and the Control the genotype frequencies are shown separately for resistant 
and susceptible larvae. The first letter in the x-axis labels indicates selection treatment (C=Control S=Selection). 
The second letter in the x-axis labels indicates resistance ability (R=resistant, S=susceptible).  
Panels C and D show the frequency of the major allele for each generation of selection, pooling the four replicate 
lines for each treatment. Open circles denote the control treatment and closed circles the selection treatment. 
For mbl the frequency of the T allele and for CG17287 the frequency of the G allele is shown. Separate trajectories 
for these alleles are shown for each Selection line (in red) and Control line (in blue). Panels E and F show the 
frequency of heterozygotes in each generation of selection (pooled per treatment).  
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Figure 2: Linkage phase disequilibria during the selection process 

Frequency of the linkage phase disequilibria calculated in PHASE for each generation of selection. The first letter 
in the x-axis label indicates generation of selection (G0, G1,…, G5) and the last letter indicates treatment (Control 
(C) or Selection (S)). Linkage phase disequilibrium was calculated for the 6 SNPs that were located in the highly 
supported region of selection as indicated by (Jalvingh et al., 2014). Allelic composition and change in frequency 
of the 8 linkage phase disequilibria that showed a frequency change larger than 0.01 are shown in Table 3.  

Table 2: Statistical model associating individual resistance with genotype 

Statistical analysis of the association between genotype and parasitoid resistance. To test the effect of genotype 
on parasitoid resistance we specified a GLM using a binomial distribution, testing the effects of genotype 
(homozygous for allele 1, homozygous for allele 2, heterozygous), treatment (Selection or Control regime) and 
their interaction for each SNP position separately.  
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Discussion  
In this study we follow up on a previous “selection and re-sequence” study, where we 
selected D. melanogaster larvae for increased parasitoid resistance and identified SNP 
positions in the selected populations that had significantly changed in allele frequency. In 
the current study, we aim to link these SNPs to individual variation in resistance. We 
selected 10 candidate SNPs from the genome study (Jalvingh et al., 2014), Chapter 4), 
choosing those candidates we considered most interesting, based on the genomic location 
of the SNP, signatures of selection of these SNPs in field lines that differ in parasitoid 
resistance, and the function of the gene in which they were present. For 2 of these 10 
candidate SNP positions we were able to show that the genotype significantly contributed 
to explaining the individual variation in parasitoid resistance. This is an affirmation that 
genetic variation in candidate genes identified by genome sequencing of populations can 
be linked with parasitoid resistance at the level of the individual. Furthermore, it is a first 
step towards testing which of the candidate SNP positions observed in the genome scan 
are potentially causal to increased parasitoid resistance. Distinguishing which 
polymorphic positions are linked to individual resistance is an important first step 
towards understanding what is the genetic basis of increased in parasitoid resistance in 
the Selection lines.  
  

Table 3: Frequency change of selected linkage phase disequilibria 

Allelic composition and frequency change of linkage phase disequilibria that changed in frequency during the 
selection process for the S-lines and C-lines. Linkage phase disequilibrium was calculated for the 6 SNPs that 
were located in the highly supported region of selection as indicated by (Jalvingh et al., 2014). From left to right, 
these genes are: ark, RhoGEF2, CG17287, mbl, CG4844 and CG42649.  The genes that were significantly associated 
with parasitoid resistance (CG17287 and mbl) are indicated by in bold. Linkage phase frequency was calculated in 
PHASE 2.1.1 and frequency differences were calculated based on the frequency before (generation 0) and after 
selection (generation 5) for the Selection and Control lines separately. Linkage phase numbers correspond with 
those in Figure 2.  
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We showed the change of allele frequency for these two SNPs during the 
selection process. In mbl the minor C-allele increased in frequency from approximately 
40% in the founder population to 80% after 5 generations of selection. In CG17287 the 
change in allele frequency was less dramatic, increasing from 10% to 20% in 5 generations. 
The strong selection pressure resulted in substantial mortality in the Selection lines (see 
Chapter 3), especially in the initial generations. We see that selection increased allele 
frequency progressively in each generation and was repeatable across the 4 replicate 
selection lines. This suggests the action of selection, not drift, on these positions.  

The observation that the selection process increased more than one linkage phase 
disequilibrium may reflect the presence of the causal variant in multiple allelic 
backgrounds in the founder population. Since we selected from standing variation of a 
large outbred founder population, this was to be expected. Within the linkage phase 
disequilibrium, the minor allele for the SNP in mbl was consistently increased in 
frequency by selection, supporting the association of this SNP with individual immune 
ability (Table 3). Since the SNPs chosen in this region of chromosome 2R form a subset of 
loci that changed in allele frequency in the selection and re-sequence study, denser 
sampling of these SNPs could potentially further disentangle these linkage phase 
disequilibria.  Furthermore, a denser sampling of SNPs in this genomic region could 
elucidate the size of linkage blocks favored by the selection process.   

We found a SNP in the first intron of mbl that was significantly associated with 
parasitoid resistance. However, we cannot yet assign causality to this position, since we 
cannot exclude a different causal variant segregating with this site through genetic 
linkage, nor have we validated these SNPs with functional characterization studies. The 
gene mbl was associated with 24 segregating sites, all located in an intron of the gene, in 
the genome study that showed a highly significant change in allele frequency (FDR 
adjusted P<0.01). Even though we cannot assign causality to the specific SNP investigated 
here, mbl may potentially have been a target for the selection on increased parasitoid 
resistance. Muscleblind is a large gene with many exons and many known splice variants 
(Pascual et al., 2006).  It is associated with several biological processes, including 
photoreceptor cell differentiation, embryo development, muscle cell cellular homeostasis, 
regulation of female receptivity and regulation of gene expression (Flybase version 
FB2015_01, (dos Santos et al., 2014). To the best of our knowledge, it has not been 
annotated with a role in defense or immunity, but this may need to be investigated. 

One hypothesis of how mbl could affect parasitoid resistance is through its role in 
cell differentiation. During the immune response against parasitoids hemocytes form a 
melanized capsule around the parasitoid egg. Three types of hemocytes are mobilized 
through induction of cell proliferation and cell differentiation: plasmatocytes, 
lamellocytes and crystal cells. Cell differentiation is therefore an important aspect of the 
ability to respond to parasitoids (see (Fauvarque and Williams, 2011; Gerritsma et al., 2013; 
Lemaitre and Hoffmann, 2007), Ch2). Although gene mbl currently has no known immune 
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functions, it is associated to the Ras pathway. The Ras pathway is important in immunity 
and regulates cell proliferation and differentiation in multicellular eukaryotes, and 
overexpression in Drosophila hemocytes results in overproliferation (Asha et al., 2003). Mbl 
contains CCCH-type zinc finger protein features. The gene is autonomously required for 
photoreceptor differentiation (Begemann et al., 1997). Though mbl is not a component of 
the Sev/Ras/MAPK pathway itself, it is required downstream of the Svp gene during the 
terminal differentiation of photoreceptors in the photoreceptor cell differentiation 
process (Begemann et al., 1997). If mbl has a similar function in hemocyte differentiation, 
this could provide a functional link to parasitoid resistance. Indeed, a role for the 
muscleblind-like gene MBLN3 in hematopoietic stem cells has been posited in mammals 
(Pascual et al., 2006; Phillips et al., 2000). Furthermore, the Toll pathway, which can 
activate the immune response (De Gregorio et al., 2002; Medzhitov, 2001), is direct 
involved in muscle formation and development (Halfon et al., 1995), potentially linking 
Toll signaling with mbl. Moreover, preliminary data of an RNA-seq experiment indicates 
that the selection line flies have differential exon usage of mbl (Salazar-Jaramillo et al, 
unpublished data), providing support for the hypothesis that mbl is linked to parasitoid 
resistance. 

The SNP in CG17287 is located in an exon but does not result in an amino acid 
change. The function of CG17287 is not as well known as that of mbl. It has Zinc finger, 
DHHC-type and palmitoyltransferase protein motifs and may be associated to the 
endoplasmatic reticulum (Flybase version FB2015_01, (dos Santos et al., 2014)). Selection 
favored the G allele, increasing it from low to more moderate frequency. The individually 
phenotyped samples were collected 46 generation after selection had been stopped. The 
allele frequencies seem to have shifted during these generations of no selection in both 
Control and Selection lines. This is visible in the higher allele frequencies of the SNP in the 
individually phenotyped samples (Figure 1B) compared to those during the selection 
process (Figure 1 D). The genome study (Chapter 3, Jalvingh et al., 2014) indicated that the 
frequency of the minor G-allele increased from 3% in the control lines to 33% in the 
selection lines. The samples for the NGS study were taken 1 generation after selection had 
been stopped. Since both Figure 1B and the genomic data indicate a higher frequency,  the 
frequency of this allele shown in Figure 1D may be an underrepresentation of the 
frequency difference caused by selection in this allele.  

A first step towards resolving what genetic variation is causal to increased 
resistance will be to analyze the immunity-related function of candidate genes, rather 
than candidate SNPs. The two SNPs we identified in mbl and CG17287 could be causal to 
resistance, or could be closely linked to a causal variant. Both SNPs in are located within 
the same region on chromosome 2R that was highly supported in the genome study (111kb 
apart). The possibility remains that one or more causal variant(s) within this 111kb region 
is in linkage disequilibrium with these SNPs. For example, mbl was associated with >20 
SNPs differing in frequency in the genome study, which present alternative candidates. 



Chapter 5 

 
96 

Functional characterization can help assess what, if any, role mbl and CH17287 genes have 
in parasitoid resistance. Furthermore, since neither of these SNPs results in an amino 
acid change, assessing the expression, splicing and molecular function of these genes in 
resistant and susceptible larvae and populations will be needed to address which changes 
in gene function have been caused by selection.  

Neither Wertheim et al (Wertheim et al., 2011, 2005) nor Salazar-Jaramillo (in 
prep) found evidence that either mbl or CG17287 were significantly differently expressed 
after parasitation or after selection for increased parasitoid resistance. The latter study, 
however, provided indication for differential exon usage under parasitation in the 
Selection lines. Although currently we cannot link these genes to parasitoid resistance 
through gene expression, it is possible many SNPs in this gene could potentially affect the 
splicing of the transcripts of this gene, even through cryptic splicing sites, which could 
then result in trans-regulatory effects on other genes. One suggestion, therefore, would be 
to screen the mRNA of this gene for size-variations, and test for associations of mRNA 
length and resistance level. 

In this study, we linked candidate SNPs for parasitoid resistance that were 
identified in a previous “selection and re-sequence” study with the individual success or 
failure of larvae to encapsulate a parasitoid egg. In this follow-up, we narrowed down the 
list of candidate genes that may have been targets of selection. Additionally we asserted 
the association of 2 of the10 candidate SNPs with parasitoid resistance at the individual 
level. The other 8 SNPs did not show a significant association with parasitoid resistance at 
the individual level, suggesting that they may have changed in allele frequency through 
linkage/hitchhiking, but do not segregate with the resistance trait itself. Future studies 
will be needed to determine the effect of these genes on parasitoid immunity. Neither 
CG17287 nor mbl have previously been linked to immunity. This illustrates the potential of 
hypothesis-free interrogation of the genome by population-level “selection and re-
sequence” studies. Using the combination of experimental selection and whole genome 
sequencing we partitioned phenotypic and genetic variation between populations and 
identified genomic regions of interest (Jalvingh et al., 2014), Chapter 4). By specifically 
interrogating this genomic variation for an association to individual resistance, we 
further refined the genomic regions of interest and provided evidence for a link with 
parasitoid resistance for two candidate genes. Especially for one of these, mbl, the 
combined data provide consistent support for the hypothesis that this gene was a target of 
selection for increased parasitoid resistance. 
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Genetics  of  adaptation  
A seminal question in evolution is the genomic basis of evolutionary adaptation: How do 
organisms adapt to a rapidly changing environment, while adaptive traits are often 
considered to evolve slowly because of their complexity? To address this question we need 
to resolve how phenotypes are shaped by natural selection by revealing what genomic 
variation underlies adaptive differences. Understanding genomic differences, both within 
and between different populations and species, can help answer fundamental questions 
about evolutionary processes, including adaptation. How many and which parts of the 
genome undergo change during rapid adaptations? How extensive is the impact on 
neighboring genomic regions? Are evolutionary solutions commonly shared between 
populations? And which types of genetic features underlie adaptation?  

In this thesis I investigated the evolution of increased parasitoid immunity in 
Drosophila melanogaster against Asobara tabida. Immunity is a complex trait, governed by 
many genes and constantly exposed to varied selection pressures. Bacteria, viruses, 
nematodes, fungi and parasitoids are known pathogens in Drosophila species (Fleury et al., 
2009). Survival of infection by parasitoids, insects that develop in other insects thereby 
killing the host, requires an effective immune response that is able to sequester and kill 
the parasitoid. The immune response in D. melanogaster against parasitoids is hemocyte 
mediated: the parasitoid egg is surrounded with multiple layers of hemocytes followed by 
melanization of the capsule. Three different types of differentiated blood cells are 
involved in this process: plasmatocytes, lamellocytes and crystal cells, which are all 
necessary to form a complete and melanized capsule (Honti et al., 2014; Lavine and 
Strand, 2002). Only complete encapsulation and melanization of the parasitoid egg 
results in survival of the host.  

There is substantial genetic variation in parasitoid resistance between 
populations of D. melanogaster within Europe, where some populations are highly resistant 
to parasitoid attack and others are highly susceptible (Gerritsma et al., 2013; Kraaijeveld 
and Godfray, 1999; Kraaijeveld and Van Alphen, 1995). Even though the immune pathways 
and genes contributing to immunity are increasingly well understood (Fauvarque and 
Williams, 2011; Hultmark, 2003; Lemaitre and Hoffmann, 2007), it is so far unknown 
which genetic differences contribute to the differential parasitoid resistance in natural 
populations. Crossing studies (Orr and Irving, 1997) have revealed that in D. melanogaster 
chromosome 2 has a major effect on resistance. Additionally, QTL studies (Hita et al., 
2006; Poirie et al., 2000) have associated the lack of resistance in isofemale lines to 
specific genomic locations. However, the genetic underpinnings of differences in 
resistance between and within genetically variable natural populations are not yet 
understood. To understand how immune responses can be modulated by selection, it is 
necessary to understand not only how immune responses work, but also which (and how 
many) genes selection acts upon.  
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Here I focus on the genes that confer greater parasitoid resistance within an 
outbred population of D. melanogaster and assess the effects of a selective sweep on 
parasitoid resistance. We used an experimental selection design combined with a re-
sequencing approach, taking advantage of the good quality of the Drosophila reference 
genome. This allowed us to 1) Examine the effects selection has had on the cellular 
immune response, 2) Assess the effects of the selection process on the genome and 3) 
Associate genes and SNPs to different levels of parasitoid resistance in the Selection and 
Control lines. 

Phenotypic  effects  of  selection  
In five generations of selection parasitoid resistance increased from 20% in the Control 
lines to 50% in the Selection lines. Selection had a similar effect on resistance in all four 
replicate Selection lines and the effects of selection remained present in the lines for a 
considerable length of time (at least 46 generations in 3 of the 4 lines) (Chapter 2). This 
indicates that we are indeed studying genetic effects rather than a plastic response, 
maternal effects or a short-lived epigenetic response. Additionally, since the four 
Selection lines showed a comparable response to the experimental selection process, the 
effects of selection seems to have been repeatable between the replicate lines. 
Experimental crosses between two of the Selection lines provided additional evidence for 
this. These crosses showed that the level of resistance was maintained when the genomes 
of two different selection lines (Chapter 3) were combined. 

Kraaijeveld et al (Kraaijeveld et al., 2001) had previously shown that the higher 
level of resistance in the Selection lines is accompanied by a constitutively higher number 
of hemocytes. We confirmed this pattern in our selection lines (Chapter 2). However, 
when we considered the different types of differentiated blood cells, we found that not all 
hemocyte types showed a similar response to selection. Although all hemocyte types 
significantly contributed to the ability to encapsulate the parasitoid egg (Chapter 2), it was 
especially the number of lamellocytes and plasmatocytes that showed a response to 
selection. Crystal cells on the other hand were not significantly different between the 
selection and control lines. Lamellocytes are important for the formation of the cell layer 
around the parasitoid egg (Lavine and Strand, 2002). Perhaps it is thus not surprising that 
selection acting to increase this cell type would also increase the ability to successfully 
form a capsule around the parasitoid egg.  

Unexpectedly, these differences in hemocyte population between the selection 
treatments disappeared after the immune response had been induced. Both the 
differences in total hemocyte number and in lamellocyte and plasmatocyte density were 
only found in unparasitized larvae (Chapter 2). This indicated that even though the 
number of hemocytes in Selection and Control lines is constitutively different, during the 
immune response itself they achieved similar densities.  
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The observation that it may not be the immune response itself that is modulated 
by selection but rather the density and differentiation of hemocytes in the absence of a 
triggered immune response is intriguing. It could suggest that during larval development 
the pattern of investment in the immune system is different. It is possible that the 
development of the larvae in the Selection lines is different, leading to different hemocyte 
densities, while the induction of the immune system under parasitoid attack is highly 
similar. When searching for the genetic basis of differential resistance ability it may thus 
be equally important to consider genes that are associated with development or with cell 
differentiation, rather than focus on genes with a (known) function in immunity.  

Despite that the numbers of hemocytes are more similar during the immune 
reaction than in the absence of parasitation, selection may still have affected this aspect of 
the immune response. It is for instance possible that the higher density of hemocytes 
before parasitization enables the host to recognize a parasitoid invasion more quickly, to 
respond more efficiently or quickly to immune induction, or that the production of 
(precursors of) melanin has increased. If the parasitoid egg is recognized more quickly, or 
if the initial stage of encapsulation is more efficient, the growth of the parasitoid egg may 
be inhibited and the chance of a successful immune response may be higher (Salazar 
Jaramillo et al., n.d.). This may be especially of importance in interactions with the 
parasitoid A. tabida, where more virulent strains produce “sticky eggs”, which quickly 
embed within the host tissue and thus become sheltered from the action of blood cells in 
the hemolymph (Eslin and Prévost, 2000). Especially if there is some form of positive 
feedback present in the immune response, for example through hemocyte recruitment 
and promotion of cell adhesion within the capsule (Fauvarque and Williams, 2011), an 
efficient onset of encapsulation may prove to be beneficial for the outcome of the 
response.  

It should be noted that in this study we counted hemocytes at the end of larval 
development, during the 3rd instar stage. This represents the final stages of encapsulation, 
while parasitation commonly occurs during an earlier stage of development (2nd instar). It 
can be hypothesized that benefits of having a constitutively higher number of hemocytes 
(in particular lamellocytes) are mostly found at the onset of the encapsulation response. It 
is known that also in unparasitized 2nd instar larvae hemocyte density is higher in the 
selection lines (Kraaijeveld et al., 2001; Wertheim et al., 2011). It would be desirable to aim 
future research efforts specifically at the parasitation response at this early developmental 
stage in to determine patterns of hemocyte differentiation between the lines.  

Genomics  of  parasitoid  resistance  
For each of the selection and control lines we conducted a genome scan, where we 
characterized SNP frequency differences between the Selection and Control lines. We saw 
that the effects of the selection process were not limited to one position or region, but 
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rather that multiple genomic regions have been affected by the selection process (Chapter 
4). Since both the selection process and random genetic drift can affect genomic variation, 
we take advantage of the replicate Selection lines to determine which gene variants are 
consistently different in the Selection lines. Significance of the likelihood test in the 
genomic analysis is thus based on SNP frequency differences that are shared among all 
four Selection lines, we can reasonably assume that at least some of these genomic 
regions attribute to increased parasitoid resistance in the Selection lines. On chromosome 
2 we found one genomic region that was strongly supported by the presence of a large 
number of SNPs that significantly differed in frequency between the selection treatments 
(Chapter 4). The presence of this strongly supported region matches previous 
observations that chromosome 2 harbors most genetic variation in parasitoid resistance 
(Orr and Irving, 1997).  

We found no over-representation of GO-categories in the gene-set present in the 
genomic regions putatively under selection. However, this is not expected unless these 
selection regions are enriched for genes with a related or shared annotation. We were able 
to identify several genes that could contribute to parasitoid resistance. In particular 42 
genes that were not only present in one of the genome-regions affected by selection, but 
also associated with a SNP that differed highly significantly in frequency between the 
Selection and Control lines (Chapter 4). These genes we designated candidate genes for 
(the evolution of increased) parasitoid resistance. Some of these genes are associated with 
a high number of SNPs (e.g. mbl, CG10936) or are annotated with an immune-related 
function (e.g. mthl4, lack, robo).  

Although we are able to pinpoint a number of genes that are putatively causal to 
increased parasitoid resistance, we did not find any “obvious” gene candidates from 
known immune pathways, such as the IMD, JAK-STAT or phenol-oxidase pathway, in our 
candidate gene set. The immune system is complex and many-factored and needs to be 
able to cope not only with parasitoids but also with other pathogens including bacteria 
and viruses. Because of this it is likely that many genes are under strong purifying 
selection. Selection on parasitoid resistance in this case may therefore primarily target 
genes that have a relatively minor effect on overall immunity, but rather refine the 
immune response. The locations of the QTL described by the group of Carton (Hita et al., 
2006; Poirie et al., 2000) do not overlap with the regions under selection in our analysis, 
showing that several genes can be involved in differences in resistance among 
populations. 

Even though the D. melanogaster reference genome is of very high quality, still 
there are a significant number of unannotated (predicted) genes in the genome. Of the 
genes we describe that are present in the regions that are putatively under selection, 
almost 1/3 is fully unannotated. At least some of these genes may be involved in immune 
function. Additionally, a number of the candidate genes we describe are not directly 
related to immunity, but have general and broad effects in physiology and development. 
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One example is the gene muscleblind (mbl) that is associated with a large number of 
significant SNPs (24 SNPs at FDR adjusted P<0.01). Remarkably, none of these SNPs are 
present in a coding region of the gene, but rather in one of the many (large) introns. 
Muscleblind contains 2 C3H1-type zinc fingers and is involved in processes as varied as 
embryo development, muscle cell cellular homeostasis, regulation of female receptivity 
and regulation of gene expression. It has many known splice variants. For a subset of 
candidate SNPs uncovered by the genome study, we associated allelic variants (genotype) 
with individual larval resistance (phenotype) (Chapter 5). This subset included one SNP 
that is located in the first intron of mbl. The SNP in mbl was significantly associated with 
increased resistance in both selection and control lines. This indicates that this SNP, or 
another genetic feature linked to it, may have been a target for selection.  

Genes often cannot freely change in function or expression without experiencing 
strong genetic trade-offs (epistasis). For example, this applies to genes that are involved in 
development, that occupy a central position in a gene regulatory network or that, like mbl, 
have many (crucial) functions. However, it is possible that subtle changes in a gene, its 
splicing or its expression affect development. In the case of parasitoid expression, one 
would expect these changes to impact development of the immune system, specifically the 
production and specialization of hemocytes. When it is larval development that is affected 
by selection, rather than the immune response itself, expression studies investigating the 
immune response will be less likely to detect such effects. This observation emphasizes 
the strength of an integrated approach, combining experimental selection, phenotypic 
evaluations, genomics and gene expression.  

Gene  expression:  from  genotype  to  phenotype  
Wertheim et al (Wertheim et al., 2011, 2005) have investigated expression differences 
between Selection and Control lines (Wertheim et al., 2011) and between parasitized and 
non-parasitized larvae (Wertheim et al., 2005) using microarrays. Some of the genes 
identified in our genome study (Chapter 4) have been identified as differentially 
expressed in the Wertheim microarrays. Five genes overlap with the microarray assessing 
expression changes during the immune response and 29 genes with the microarray 
comparing expression patterns in selection and control lines. Two genes, RpS10b and 
CG4250 overlap with both expression studies. We find more genes overlapping with the 
“selection-control” study than the “parasitoid attack” study, which could reflect the smaller 
number of differentially expressed genes found in the latter study. However, if selection 
acts primarily on the development of the larvae (and/or the immune system) rather than 
on the immune response itself the same pattern would be expected.  

Though the “selection-control” study was performed independently from our 
work, Wertheim et al (Wertheim et al., 2011) used similar protocols and stocks, ensuring a 
biologically relevant comparison. Of the 29 genes that overlap between both studies, 22 are 
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located on chromosome 2, again indicating that this chromosome is of particular interest 
in the search for genes involved in parasitoid resistance. However, to link genetic effects 
with the change in phenotype through gene expression, it is important to assess how 
Selection and Control lines differ in expression not only in the absence of parasitoid 
attack but, critically, also during the immune response itself.  

With Laura Salazar Jaramillo (Salazar Jaramillo et al., n.d.) we analyzed the 
transcriptomes of parasitized and unparasitized larvae of two Selection and Control lines, 
measuring gene expression at 5 and 50 hours after parasitation of 2nd instar larvae. This 
study showed that the four lines initiated the response to parasitoid attack in a similar 
way, since the expression pattern of these lines clustered together in an analysis including 
3 other Drosophila species as outgroups. A model testing differential gene expression 
between the two selection-treatments in unparasitized larvae found no differentially 
expressed genes at 5 hours and 27 differentially expressed genes at 50 hours. Most of the 
genes that were differentially expressed in unparasitized larvae between the selection-
treatments were down-regulated in the Selection lines, except proPO59 (PPO3) which was 
consistently up-regulated in the Selection lines, even in the absence of parasitation. PPO3 
is exclusively expressed in lamellocytes (Orr and Irving, 1997). As we found that the 
Selection lines have a constitutively higher number of lamellocytes (Chapter 2), increased 
expression of PPO3 in the whole-body larval transcriptome could reflect this higher 
lamellocytes density.When testing whether the expression differences between 
parasitized and control larvae was similar between the Control and Selection lines, we 
found that only one gene, CG43666, showed a significant change in expression 50 hours 
after parasitation, shown by a significant interaction term in the statistical analysis. The 
function of CG43666 is largely unknown, though it is highly expressed in the larval stage 
(flybase, modENCODE Development RNA-Seq).  

Additionally, we compared whether any change in exon usage in parasitized 
larvae compared to control larvae was affected by the selection treatment. In a model 
testing for an interactive effect of selection on differential exon usage in parasitized and 
control larvae, we identified six additional genes:  px, jp, alt, CG15065, CG43133 and fok. 
Since only one gene, CG43666, was differently expressed after parasitation between the 
Control and Selection lines, the overall similar expression levels could reflect a highly 
similar immune response in larvae from the Control and Selection lines. However, if 
selection causes different exons to be expressed under parasitation, this might cause a 
change in function or efficiency in these genes that could modify the immune response. 
The presence of differential exon usage in parasitized larvae in the Selection lines 
compared to the control could therefore indicate fine-tuning of the response. 

 The high similarity in expression during parasitation may reflect the 
mechanisms that cause the difference in resistance between the Selection and Control 
lines. If it is indeed the higher density of (certain types of) hemocytes that causes a faster 
immune response against the parasitoid in the Selection lines, this may mean that 
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initially gene expression is not greatly affected as it is the effects of the higher density of 
blood cells that characterizes the first steps in the immune response. Since the hemocytes 
(especially lamellocytes) are already present in higher numbers in the Selection lines, we 
do not find an expression response in the selection lines that would correspond to the 
induction of a higher hemocyte production.  

Of all 112 differentially expressed genes in D. melanogaster, either under 
parasitation or as a result of selection, 8 overlapped with genes characterized in the 
genome scan study. None of these were named as candidate genes based on their 
association with a highly significant SNP. However, they are interesting genes for future 
assessment of their role in parasitoid resistance in these lines. That so few genes overlap 
between our genome study and the transcriptome study of Salazar Jaramillo (Salazar 
Jaramillo et al., n.d.) could be caused by selection acting on functional changes in genes 
that in turn regulate expression in other genes i.e. causing expression changes in a 
network of genes. The small amount of overlap between the genome scan and differently 
expressed genes, could therefore indicate selection on trans- rather than cis- regulatory 
changes.  

At the 5 hours time point there were no genes significantly differently expressed 
between the two selection treatments in unparasitized larvae. Therefore, if there are 
developmental differences between the two treatments, their effects on gene expression 
were small enough to not be visible in this analysis. A putatively higher constitutive 
number of hemocytes present in 2nd instar larvae, cannot be linked to expression 
differences at this point. The microarray study of Wertheim et al. (Wertheim et al., 2011), 
which included more time-points and biological replicated in their analysis, did identify 
expression differences between unparasitized larvae of the two selection treatments, 
which confirms that there may be subtle expression differences affecting hemocytes 
differentiation that were not picked up by our RNA-seq study.  

Candidate  genes  and  future  directions  
For a selection of candidate SNPs we characterized in the genome scan, we subsequently 
genotyped a large number of individually phenotyped larvae (Chapter 5). We found two 
SNPs in the genes mbl and CG17287 where allelic variants were significantly associated 
with parasitoid resistance. We were also able to show the frequency change of these SNPs 
during the generations of selection. We saw that the frequency of variants favored by 
selection increased over each generation, indicating that the allele was constantly favored. 
At this stage it is not yet possible to indicate a causal link between these SNP variants and 
resistance. We cannot rule out that the actual causal polymorphism is linked with this 
SNP (through linkage disequilibrium). We characterized this same selection of candidate 
SNPs in natural populations (Gerritsma et al., 2013) and even though all 10 SNPs show 
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segregating variation in natural populations, this variation did not significantly associate 
with parasitoid resistance.  

One possible direction to increase understanding of the genetics of adaptation to 
parasitoids in this case would be to do a functional analysis of the promising candidate 
genes outlined in this thesis, for example through RNAi. Especially the genes in the highly 
supported region in chromosome 2R would be good candidates for this approach.  

Another approach is to take advantage of the resources of the DGRP (Drosophila 
Genetic Research Panel, (Mackay et al., 2012)). This reference panel consists of more than 
200 inbred lines with a known genome composition. Using the DGRP a twofold approach 
could be taken: a gene-centered approach, testing specifically for variation in candidate 
genes, and a phenotype centered approach, assessing genotypic differences in lines with 
differential parasitoid resistance. 

If the adaptations that allow a better ability to resist parasitoid infection are 
largely developmental, testing for differences in development between resistant and 
susceptible lines can provide further insight in the mechanisms of parasitoid resistance. 
Specifically staining for hemocyte types during development and in a time-series directly 
after parasitation could help assess which benefits larvae from Selection lines have over 
those from Control lines. For example, hemocyte differentiation and hemocyte 
localization relative to the parasitoid egg could be expected to be more efficient in highly 
resistant lines.  Moreover, if the initial stage of the immune response is indeed more 
efficient in selection lines, we might expect that in consequence growth of the parasitoid 
will be inhibited. This would lead to the presence of smaller parasitoid eggs in more 
resistant lines, which would give the added benefit of providing a smaller melanized 
capsule. This prediction can be tested by measuring both the size and growth of the 
parasitoid egg, and by measuring the size of fully melanized capsules in both resistant 
and susceptible D. melanogaster lines.  

General  conclusions  
In this thesis I set out to investigate the genetics of adaptation, using the Drosophila 
melanogaster immune response against parasitoid wasps as a model system. We combined 
experimental selection and next-generation genome sequencing in order to study the 
evolution of the immune response against parasitoids from two different perspectives. 
First, we aimed to assess the effects of a selective sweep on a population. For this we 
considered changes in the physiological mechanism of the immune response against 
parasitoids (by measuring hemocyte density and variation) and in the genome 
(associating patterns of genomic variation with selection treatment). Second, we 
associated specific genes and SNPs with increased parasitoid resistance in the Selection 
and Control lines. Using whole-genome re-sequencing of the Selection and Control lines, 
we generated candidate genes and SNP positions, which putatively contribute to 
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increased parasitoid resistance. We followed up on these candidates by associating 
individual resistance ability with the characterization of candidate SNP variants.  

By following this two-fold approach we were able to provide a better 
understanding not only of parasitoid immunity itself, but also of the evolutionary 
processes that accompany a strong selective sweep, acting on standing genetic variation 
in a variable population. We showed that selection for increased parasitoid resistance 
produced multiple, highly localized, genomic changes (Chapter 4). The host populations 
evolved very rapidly towards enhanced immunity, increasing resistance two-fold in just 
five generations of selection (Chapter 2). This fast response to selection occurred without 
causing widespread erosive effects in the genome (Chapter 4). Indeed, when we tested 
genetic differentiation in the Selection and Control lines, we found that patterns of 
neutral variation were highly similar between the two treatments (Chapter 3).  

Although at this point we are not able to conclusively associate specific genes to 
increased resistance at the individual level, we provide a list of candidate genes that 
putatively contribute to the different resistance ability the Selection lines. Some of these 
candidate genes have previously been associated to immune responses, for example the 
genes ark, cdc42, jing, lack, robo and mthl4 (Chapter 4). We assessed co-occurrence of a 
subset of SNPs, which were significantly affected by the selection process, with resistance 
to the parasitoid. For the genes mbl and CG17287 we found that individuals that carried a 
particular variant of this SNP were more likely to successfully complete encapsulation of 
the parasitoid egg (Chapter 5).  

A future goal should be to try to connect these genes to the different phenotype 
found in the Selection lines than in the Control lines. We found that both the total 
hemocyte-load as well as that of specific hemocyte types differed significantly between 
Selection and Control lines (Chapter 2). Genes that potentially influence cell 
differentiation and hemocyte production may therefore be of particular interest in future 
studies of parasitoid resistance in Drosophila. 

In conclusion, we found that immunity against parasitoids, though complex, 
adapted rapidly under experimental selection in a variable population of D. melanogaster. 
This evolution of parasitoid resistance was accompanied by highly localized changes, in 
multiple regions of the genome. Future research will show which of the described 
candidate genes contribute to the genomic basis of differences in parasitoid resistance. 
Based on the observed changes in hemocyte differentiation under parasitation, we expect 
these genomic changes to affect the development of the immune system, specifically the 
density and differentiation of those blood cells that contribute to encapsulation of the 
parasitoid egg.  
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Supplementary Table 1: Genome Coverage 

Overview of the genome coverage per chromosome.  

Chromosome 
Bases 

Covered 
Chromosome 

Length 
Percent of Chr 

Covered 
Genes in 

Chr 

2L 21,757,883 23,011,544 95% 2,771 

2R 20,057,409 21,146,708 95% 3,083 

3L 23,223,726 24,543,557 95% 2,834 

3R 27,013,989 27,905,053 97% 3,531 

X 21,045,153 22,422,827 94% 2,271 

 

4 1,181,287 1,351,857 87% 87 

U 3,186,086 10,049,037 32% 149 

2LHet 180,039 368,872 49% 5 

2RHet 1,671,283 3,288,761 51% 25 

3LHet 1,530,198 2,555,491 60% 21 

3RHet 1,509,019 2,517,507 60% 20 

Uextra 4,710,293 29,004,656 16% 0 

XHet 126,479 204,112 62% 12 

YHet 40,846 347,038 12% 14 

MT 7,809 19,517 40% 38 

Total 127,241,499 168,736,537 75% 14,861 
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Supplementary Table 2: Candidate per region 

Overview of the selected regions and the underlying genes that could be associated to parasitoid defense.  
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Supplementary Table 3: Significant Segregating Sites 

Segragating sites that showed a significant difference between S and C lines (FDR corrected p<0.01) 
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Significant SNPs <0,01

Chr Pos Type Left_Gene Left_Distance Right_Gene Right_Distance Reference S.A S.C S.G S.T C.A C.C C.G C.T FDR P-value
3R 8875399 Intron FBgn0038115 279 NA 1773 T 3 0 0 107 40 0 0 64 0.0000135408

3R 9535882 Intron FBgn0040076 134 NA 1675 A 8 0 44 0 55 0 17 0 0.0000135408

3R 9535882 Intron FBgn0040077 134 NA 1675 A 8 0 44 0 55 0 17 0 0.0000135408

2R 20258803 Intron FBgn0004101 27567 NA 5195 G 0 0 35 49 0 0 69 7 0.0000167174

2R 13277190 Intergenic FBgn0261642 13816 FBgn0050232 2089 G 8 0 57 0 55 0 31 0 0.0000394049

2R 13212872 Intron FBgn0261642 59814 NA 50502 G 0 0 59 10 0 0 26 51 0.0000703822

2R 13167053 Intron FBgn0261642 13995 NA 96321 G 53 0 13 0 18 0 51 0 0.0000727342

2R 13272063 Intergenic FBgn0261642 8689 FBgn0050232 7216 G 0 0 49 10 0 0 20 51 0.0000764588

2R 13356692 Intergenic FBgn0034223 11 FBgn0022987 445 G 25 0 48 0 58 0 10 0 0.0000907471

2R 13277188 Intergenic FBgn0261642 13814 FBgn0050232 2091 T 19 0 11 36 18 0 57 12 0.0000907471

2R 21051247 Intergenic FBgn0003715 24183 FBgn0054038 4210 G 64 0 12 0 32 0 54 0 0.0001387429

2R 13356694 Intergenic FBgn0034223 13 FBgn0022987 443 A 48 0 0 25 10 0 0 57 0.0001387429

2R 12930160 Exon FBgn0023172 15414 NA 2001 T 0 0 18 57 0 1 55 20 0.0002254825

2R 13173818 Intron FBgn0261642 20760 NA 89556 G 0 23 37 0 0 51 5 0 0.0002968087

2R 13411250 Intron FBgn0022085 4727 NA 11692 A 62 0 19 0 26 0 59 0 0.0003295276

2R 13394055 Exon FBgn0061354 3822 NA 2095 G 0 18 61 1 0 61 28 0 0.0003295276

2R 13394055 Exon FBgn0061355 3822 NA 2095 G 0 18 61 1 0 61 28 0 0.0003295276

3R 9486045 Intron FBgn0004237 2999 NA 196 G 6 0 67 0 41 0 40 0 0.0007726533

2R 13496101 Intron FBgn0034253 3645 NA 30538 C 0 30 0 74 0 74 0 34 0.0007726533

2L 7473932 Intron FBgn0260486 1427 NA 21686 C 0 34 0 28 0 12 0 91 0.0007726533

mito 5967 Intergenic FBgn0013681 6 FBgn0013689 14 A 116 0 0 113 77 0 0 14 0.0008121887

3R 8225427 Exon FBgn0038035 694 NA 2108 T 0 6 0 121 0 37 0 76 0.0008208399

3R 8225427 Intron FBgn0085431 13456 NA 3200 T 0 6 0 121 0 37 0 76 0.0008208399

3R 7505755 Intron FBgn0037933 274 NA 943 T 0 0 1 101 0 0 27 71 0.0009387808

3R 20175569 Intron FBgn0039187 656 NA 6391 C 0 41 0 33 0 91 0 7 0.0009387808

2R 20030012 Intron FBgn0019643 2904 NA 15273 C 0 39 27 0 0 80 3 0 0.0009472911

2R 13386056 Intergenic FBgn0050103 2552 FBgn0061355 4177 A 32 0 0 63 74 0 0 25 0.0009614199

2R 13173819 Intron FBgn0261642 20761 NA 89555 C 1 35 23 1 0 6 51 0 0.0009614199

2R 12911689 Exon FBgn0024252 4140 NA 2519 G 0 57 11 0 0 29 48 1 0.0009988220

2R 13356736 Intergenic FBgn0034223 55 FBgn0022987 401 T 1 18 0 48 0 47 1 14 0.0009988220

2R 19228067 Intergenic FBgn0050413 10474 FBgn0046253 2861 T 29 0 0 27 3 0 0 55 0.0009988220

2R 13272057 Intergenic FBgn0261642 8683 FBgn0050232 7222 A 49 0 13 1 21 0 49 0 0.0009988220

2R 13352522 Intron FBgn0028953 7336 NA 563 T 51 0 0 15 26 0 0 58 0.0010074259

2R 13352698 Intron FBgn0028953 7512 NA 387 A 16 0 0 50 60 0 0 25 0.0010074259

2R 20352609 Intron FBgn0035010 9778 NA 24361 C 0 25 0 0 20 8 0 0 0.0010074259

2R 13386086 Intergenic FBgn0050103 2582 FBgn0061355 4147 A 34 0 69 0 70 0 26 0 0.0012950353

3R 9618356 Intergenic FBgn0000454 6955 FBgn0051588 5319 C 0 66 1 0 0 46 27 0 0.0014065841

2R 13356705 Intergenic FBgn0034223 24 FBgn0022987 432 G 26 0 45 0 53 0 10 0 0.0014065841

2R 19690573 Exon FBgn0050177 1508 NA 20 A 79 0 0 7 45 0 0 38 0.0014065841

2R 13418061 Intron FBgn0022085 11538 NA 4881 C 14 48 0 0 59 27 0 0 0.0014570263

2R 13389363 Intergenic FBgn0050103 5859 FBgn0061355 870 A 60 18 0 0 29 57 0 0 0.0014570263

2R 19690579 Exon FBgn0050177 1514 NA 14 C 0 77 5 0 0 47 35 1 0.0014570263

2L 15760127 Intron FBgn0001987 4126 NA 2628 C 0 22 60 0 0 48 18 0 0.0014573646

2R 12985609 Intergenic FBgn0010226 674 FBgn0050456 4763 G 18 0 70 0 56 0 35 0 0.0014573646

2R 13299730 Intergenic FBgn0050101 2025 FBgn0016697 539 A 71 0 0 19 23 0 0 43 0.0015374348

X 4812518 Intergenic FBgn0029736 40 FBgn0029737 245 G 0 0 50 25 0 0 63 0 0.0015505280

3L 9946221 Intron FBgn0085385 9974 NA 12483 A 53 0 0 0 41 0 0 25 0.0015628553

2R 13290255 Intron FBgn0010620 8154 NA 2423 G 48 0 9 0 13 0 31 0 0.0016322825

3L 8665082 Intergenic FBgn0035922 20971 FBgn0001168 3777 C 31 36 0 0 2 52 0 0 0.0017103184

2R 13486693 Intron FBgn0029006 6374 NA 4796 C 0 66 0 26 0 33 0 69 0.0017352385

2R 13486693 Exon FBgn0261501 48 NA 419 C 0 66 0 26 0 33 0 69 0.0017352385

2R 13408748 Intron FBgn0022085 2225 NA 14194 G 6 0 58 0 35 0 29 0 0.0017800014

2R 20030016 Intron FBgn0019643 2908 NA 15269 T 0 0 29 39 0 0 5 80 0.0017876537

2R 7328423 Intron FBgn0033635 4672 NA 1305 G 29 0 36 0 34 0 1 0 0.0018741587

2R 13188186 Intron FBgn0261642 35128 NA 75188 C 0 35 0 5 0 20 0 41 0.0018741587

2R 13290280 Intron FBgn0010620 8179 NA 2398 A 11 0 54 0 32 0 15 0 0.0018929054

2R 13122260 Intergenic FBgn0034205 37591 FBgn0034206 11014 G 20 0 25 0 0 0 46 0 0.0018929054

X 836075 Intron FBgn0040347 985 NA 1187 G 0 1 36 24 0 0 76 3 0.0019575674

3L 18738860 Intergenic FBgn0036810 57 FBgn0036811 142 G 0 63 1 0 0 39 24 0 0.0019819794

2L 16292909 Intron FBgn0032582 782 NA 61 A 53 0 0 13 24 0 0 46 0.0020104266

2R 13509733 Intron FBgn0034253 17277 NA 16906 A 47 14 0 0 22 51 0 0 0.0020104266

2R 19983763 Intron FBgn0023081 4163 NA 2394 G 0 0 63 25 0 0 88 1 0.0020216043

2R 13275860 Intergenic FBgn0261642 12486 FBgn0050232 3419 T 45 0 0 44 9 0 0 68 0.0021681760

2R 20399895 Intron FBgn0019886 2610 NA 2918 G 1 0 67 0 25 0 43 0 0.0021971832

2R 20145252 Intergenic FBgn0034996 315 FBgn0034997 300 G 33 0 32 0 10 0 80 0 0.0021971832

3R 9486023 Intron FBgn0004237 2977 NA 218 A 61 5 0 0 38 36 0 0 0.0023365478

2R 13116900 Intergenic FBgn0034205 32231 FBgn0034206 16374 A 52 2 0 20 17 1 1 49 0.0023365478

2R 15372371 Intergenic FBgn0260934 393 FBgn0034451 628 C 0 50 0 37 0 92 0 9 0.0023365478

3R 8878002 Intron FBgn0260962 24 NA 4452 C 57 97 0 0 106 50 0 0 0.0023365478

2R 7328449 Intron FBgn0033635 4698 NA 1279 T 0 25 0 36 0 34 0 2 0.0023538055

2R 13495334 Intron FBgn0034253 2878 NA 31305 T 0 13 0 56 0 58 0 37 0.0025722122

2L 11486454 Intron FBgn0003313 265 NA 501 G 28 0 23 0 3 0 45 0 0.0026186142

X 19262346 Intron FBgn0031016 15128 NA 101728 G 45 0 28 0 13 0 60 0 0.0026885101

2R 13525404 Intron FBgn0034253 32948 NA 1235 A 15 19 0 0 47 2 0 0 0.0027050699

2L 16292912 Intron FBgn0032582 785 NA 58 C 0 52 1 13 0 25 0 47 0.0027070973

2R 13408439 Intron FBgn0022085 1916 NA 14503 A 28 0 60 0 60 0 23 1 0.0027914892

2R 13483886 Intron FBgn0029006 3567 NA 7603 C 0 43 0 39 0 80 0 10 0.0027914892

2R 13365473 Intergenic FBgn0034224 1907 FBgn0034225 1156 G 0 23 53 0 0 59 22 0 0.0027914892

2R 13483886 Exon FBgn0034251 1114 NA 1028 C 0 43 0 39 0 80 0 10 0.0027914892

2R 19048115 Intron FBgn0034829 1686 NA 1438 C 0 21 0 43 0 56 0 15 0.0027914892

2R 13298980 Intergenic FBgn0050101 1275 FBgn0016697 1289 C 0 60 0 25 0 18 0 49 0.0029351687

X 6330190 Intergenic FBgn0053668 16723 FBgn0259242 29054 A 14 0 0 33 45 0 0 10 0.0029351687

2L 13606925 Intron FBgn0259984 56784 NA 31313 C 0 67 0 7 0 35 0 34 0.0029351687

X 2056944 Intergenic FBgn0005670 784 FBgn0023540 3904 T 0 0 28 48 0 0 3 77 0.0029619210

2R 13408448 Intron FBgn0022085 1925 NA 14494 C 0 25 0 58 0 62 0 25 0.0029619210

2R 13417599 Intron FBgn0022085 11076 NA 5343 C 40 15 0 1 13 44 0 0 0.0029619210

2R 13482865 Intron FBgn0029006 2546 NA 8624 C 68 22 0 0 38 63 0 0 0.0029619210

2R 7328411 Intron FBgn0033635 4660 NA 1317 T 0 29 0 36 0 0 0 37 0.0029619210

2R 13355555 Intron FBgn0034223 2176 NA 1126 T 0 0 26 34 0 0 54 7 0.0029619210

2R 13469020 Intergenic FBgn0034246 9 FBgn0034247 492 G 9 0 50 0 44 0 29 0 0.0029619210

2R 13482865 Exon FBgn0034251 93 NA 2049 C 68 22 0 0 38 63 0 0 0.0029619210

2R 17563482 Intergenic FBgn0034651 3632 FBgn0050263 344 T 0 0 15 46 0 0 51 21 0.0029619210

2R 20145229 Intergenic FBgn0034996 292 FBgn0034997 323 G 34 0 33 0 11 0 80 0 0.0029619210

3R 8874443 Exon FBgn0051157 1209 NA 575 T 0 85 0 33 0 50 0 80 0.0029619210

2L 15903272 Intergenic FBgn0051821 895 FBgn0028645 1862 C 0 62 0 1 0 21 1 15 0.0029619210
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Significant SNPs <0,01

Chr Pos Type Left_Gene Left_Distance Right_Gene Right_Distance Reference S.A S.C S.G S.T C.A C.C C.G C.T FDR P-value
3R 8875399 Intron FBgn0038115 279 NA 1773 T 3 0 0 107 40 0 0 64 0.0000135408

3R 9535882 Intron FBgn0040076 134 NA 1675 A 8 0 44 0 55 0 17 0 0.0000135408

3R 9535882 Intron FBgn0040077 134 NA 1675 A 8 0 44 0 55 0 17 0 0.0000135408

2R 20258803 Intron FBgn0004101 27567 NA 5195 G 0 0 35 49 0 0 69 7 0.0000167174

2R 13277190 Intergenic FBgn0261642 13816 FBgn0050232 2089 G 8 0 57 0 55 0 31 0 0.0000394049

2R 13212872 Intron FBgn0261642 59814 NA 50502 G 0 0 59 10 0 0 26 51 0.0000703822

2R 13167053 Intron FBgn0261642 13995 NA 96321 G 53 0 13 0 18 0 51 0 0.0000727342

2R 13272063 Intergenic FBgn0261642 8689 FBgn0050232 7216 G 0 0 49 10 0 0 20 51 0.0000764588

2R 13356692 Intergenic FBgn0034223 11 FBgn0022987 445 G 25 0 48 0 58 0 10 0 0.0000907471

2R 13277188 Intergenic FBgn0261642 13814 FBgn0050232 2091 T 19 0 11 36 18 0 57 12 0.0000907471

2R 21051247 Intergenic FBgn0003715 24183 FBgn0054038 4210 G 64 0 12 0 32 0 54 0 0.0001387429

2R 13356694 Intergenic FBgn0034223 13 FBgn0022987 443 A 48 0 0 25 10 0 0 57 0.0001387429

2R 12930160 Exon FBgn0023172 15414 NA 2001 T 0 0 18 57 0 1 55 20 0.0002254825

2R 13173818 Intron FBgn0261642 20760 NA 89556 G 0 23 37 0 0 51 5 0 0.0002968087

2R 13411250 Intron FBgn0022085 4727 NA 11692 A 62 0 19 0 26 0 59 0 0.0003295276

2R 13394055 Exon FBgn0061354 3822 NA 2095 G 0 18 61 1 0 61 28 0 0.0003295276

2R 13394055 Exon FBgn0061355 3822 NA 2095 G 0 18 61 1 0 61 28 0 0.0003295276

3R 9486045 Intron FBgn0004237 2999 NA 196 G 6 0 67 0 41 0 40 0 0.0007726533

2R 13496101 Intron FBgn0034253 3645 NA 30538 C 0 30 0 74 0 74 0 34 0.0007726533

2L 7473932 Intron FBgn0260486 1427 NA 21686 C 0 34 0 28 0 12 0 91 0.0007726533

mito 5967 Intergenic FBgn0013681 6 FBgn0013689 14 A 116 0 0 113 77 0 0 14 0.0008121887

3R 8225427 Exon FBgn0038035 694 NA 2108 T 0 6 0 121 0 37 0 76 0.0008208399

3R 8225427 Intron FBgn0085431 13456 NA 3200 T 0 6 0 121 0 37 0 76 0.0008208399

3R 7505755 Intron FBgn0037933 274 NA 943 T 0 0 1 101 0 0 27 71 0.0009387808

3R 20175569 Intron FBgn0039187 656 NA 6391 C 0 41 0 33 0 91 0 7 0.0009387808

2R 20030012 Intron FBgn0019643 2904 NA 15273 C 0 39 27 0 0 80 3 0 0.0009472911

2R 13386056 Intergenic FBgn0050103 2552 FBgn0061355 4177 A 32 0 0 63 74 0 0 25 0.0009614199

2R 13173819 Intron FBgn0261642 20761 NA 89555 C 1 35 23 1 0 6 51 0 0.0009614199

2R 12911689 Exon FBgn0024252 4140 NA 2519 G 0 57 11 0 0 29 48 1 0.0009988220

2R 13356736 Intergenic FBgn0034223 55 FBgn0022987 401 T 1 18 0 48 0 47 1 14 0.0009988220

2R 19228067 Intergenic FBgn0050413 10474 FBgn0046253 2861 T 29 0 0 27 3 0 0 55 0.0009988220

2R 13272057 Intergenic FBgn0261642 8683 FBgn0050232 7222 A 49 0 13 1 21 0 49 0 0.0009988220

2R 13352522 Intron FBgn0028953 7336 NA 563 T 51 0 0 15 26 0 0 58 0.0010074259

2R 13352698 Intron FBgn0028953 7512 NA 387 A 16 0 0 50 60 0 0 25 0.0010074259

2R 20352609 Intron FBgn0035010 9778 NA 24361 C 0 25 0 0 20 8 0 0 0.0010074259

2R 13386086 Intergenic FBgn0050103 2582 FBgn0061355 4147 A 34 0 69 0 70 0 26 0 0.0012950353

3R 9618356 Intergenic FBgn0000454 6955 FBgn0051588 5319 C 0 66 1 0 0 46 27 0 0.0014065841

2R 13356705 Intergenic FBgn0034223 24 FBgn0022987 432 G 26 0 45 0 53 0 10 0 0.0014065841

2R 19690573 Exon FBgn0050177 1508 NA 20 A 79 0 0 7 45 0 0 38 0.0014065841

2R 13418061 Intron FBgn0022085 11538 NA 4881 C 14 48 0 0 59 27 0 0 0.0014570263

2R 13389363 Intergenic FBgn0050103 5859 FBgn0061355 870 A 60 18 0 0 29 57 0 0 0.0014570263

2R 19690579 Exon FBgn0050177 1514 NA 14 C 0 77 5 0 0 47 35 1 0.0014570263

2L 15760127 Intron FBgn0001987 4126 NA 2628 C 0 22 60 0 0 48 18 0 0.0014573646

2R 12985609 Intergenic FBgn0010226 674 FBgn0050456 4763 G 18 0 70 0 56 0 35 0 0.0014573646

2R 13299730 Intergenic FBgn0050101 2025 FBgn0016697 539 A 71 0 0 19 23 0 0 43 0.0015374348

X 4812518 Intergenic FBgn0029736 40 FBgn0029737 245 G 0 0 50 25 0 0 63 0 0.0015505280

3L 9946221 Intron FBgn0085385 9974 NA 12483 A 53 0 0 0 41 0 0 25 0.0015628553

2R 13290255 Intron FBgn0010620 8154 NA 2423 G 48 0 9 0 13 0 31 0 0.0016322825

3L 8665082 Intergenic FBgn0035922 20971 FBgn0001168 3777 C 31 36 0 0 2 52 0 0 0.0017103184

2R 13486693 Intron FBgn0029006 6374 NA 4796 C 0 66 0 26 0 33 0 69 0.0017352385

2R 13486693 Exon FBgn0261501 48 NA 419 C 0 66 0 26 0 33 0 69 0.0017352385

2R 13408748 Intron FBgn0022085 2225 NA 14194 G 6 0 58 0 35 0 29 0 0.0017800014

2R 20030016 Intron FBgn0019643 2908 NA 15269 T 0 0 29 39 0 0 5 80 0.0017876537

2R 7328423 Intron FBgn0033635 4672 NA 1305 G 29 0 36 0 34 0 1 0 0.0018741587

2R 13188186 Intron FBgn0261642 35128 NA 75188 C 0 35 0 5 0 20 0 41 0.0018741587

2R 13290280 Intron FBgn0010620 8179 NA 2398 A 11 0 54 0 32 0 15 0 0.0018929054

2R 13122260 Intergenic FBgn0034205 37591 FBgn0034206 11014 G 20 0 25 0 0 0 46 0 0.0018929054

X 836075 Intron FBgn0040347 985 NA 1187 G 0 1 36 24 0 0 76 3 0.0019575674

3L 18738860 Intergenic FBgn0036810 57 FBgn0036811 142 G 0 63 1 0 0 39 24 0 0.0019819794

2L 16292909 Intron FBgn0032582 782 NA 61 A 53 0 0 13 24 0 0 46 0.0020104266

2R 13509733 Intron FBgn0034253 17277 NA 16906 A 47 14 0 0 22 51 0 0 0.0020104266

2R 19983763 Intron FBgn0023081 4163 NA 2394 G 0 0 63 25 0 0 88 1 0.0020216043

2R 13275860 Intergenic FBgn0261642 12486 FBgn0050232 3419 T 45 0 0 44 9 0 0 68 0.0021681760

2R 20399895 Intron FBgn0019886 2610 NA 2918 G 1 0 67 0 25 0 43 0 0.0021971832

2R 20145252 Intergenic FBgn0034996 315 FBgn0034997 300 G 33 0 32 0 10 0 80 0 0.0021971832

3R 9486023 Intron FBgn0004237 2977 NA 218 A 61 5 0 0 38 36 0 0 0.0023365478

2R 13116900 Intergenic FBgn0034205 32231 FBgn0034206 16374 A 52 2 0 20 17 1 1 49 0.0023365478

2R 15372371 Intergenic FBgn0260934 393 FBgn0034451 628 C 0 50 0 37 0 92 0 9 0.0023365478

3R 8878002 Intron FBgn0260962 24 NA 4452 C 57 97 0 0 106 50 0 0 0.0023365478

2R 7328449 Intron FBgn0033635 4698 NA 1279 T 0 25 0 36 0 34 0 2 0.0023538055

2R 13495334 Intron FBgn0034253 2878 NA 31305 T 0 13 0 56 0 58 0 37 0.0025722122

2L 11486454 Intron FBgn0003313 265 NA 501 G 28 0 23 0 3 0 45 0 0.0026186142

X 19262346 Intron FBgn0031016 15128 NA 101728 G 45 0 28 0 13 0 60 0 0.0026885101

2R 13525404 Intron FBgn0034253 32948 NA 1235 A 15 19 0 0 47 2 0 0 0.0027050699

2L 16292912 Intron FBgn0032582 785 NA 58 C 0 52 1 13 0 25 0 47 0.0027070973

2R 13408439 Intron FBgn0022085 1916 NA 14503 A 28 0 60 0 60 0 23 1 0.0027914892

2R 13483886 Intron FBgn0029006 3567 NA 7603 C 0 43 0 39 0 80 0 10 0.0027914892

2R 13365473 Intergenic FBgn0034224 1907 FBgn0034225 1156 G 0 23 53 0 0 59 22 0 0.0027914892

2R 13483886 Exon FBgn0034251 1114 NA 1028 C 0 43 0 39 0 80 0 10 0.0027914892

2R 19048115 Intron FBgn0034829 1686 NA 1438 C 0 21 0 43 0 56 0 15 0.0027914892

2R 13298980 Intergenic FBgn0050101 1275 FBgn0016697 1289 C 0 60 0 25 0 18 0 49 0.0029351687

X 6330190 Intergenic FBgn0053668 16723 FBgn0259242 29054 A 14 0 0 33 45 0 0 10 0.0029351687

2L 13606925 Intron FBgn0259984 56784 NA 31313 C 0 67 0 7 0 35 0 34 0.0029351687

X 2056944 Intergenic FBgn0005670 784 FBgn0023540 3904 T 0 0 28 48 0 0 3 77 0.0029619210

2R 13408448 Intron FBgn0022085 1925 NA 14494 C 0 25 0 58 0 62 0 25 0.0029619210

2R 13417599 Intron FBgn0022085 11076 NA 5343 C 40 15 0 1 13 44 0 0 0.0029619210

2R 13482865 Intron FBgn0029006 2546 NA 8624 C 68 22 0 0 38 63 0 0 0.0029619210

2R 7328411 Intron FBgn0033635 4660 NA 1317 T 0 29 0 36 0 0 0 37 0.0029619210

2R 13355555 Intron FBgn0034223 2176 NA 1126 T 0 0 26 34 0 0 54 7 0.0029619210

2R 13469020 Intergenic FBgn0034246 9 FBgn0034247 492 G 9 0 50 0 44 0 29 0 0.0029619210

2R 13482865 Exon FBgn0034251 93 NA 2049 C 68 22 0 0 38 63 0 0 0.0029619210

2R 17563482 Intergenic FBgn0034651 3632 FBgn0050263 344 T 0 0 15 46 0 0 51 21 0.0029619210

2R 20145229 Intergenic FBgn0034996 292 FBgn0034997 323 G 34 0 33 0 11 0 80 0 0.0029619210

3R 8874443 Exon FBgn0051157 1209 NA 575 T 0 85 0 33 0 50 0 80 0.0029619210

2L 15903272 Intergenic FBgn0051821 895 FBgn0028645 1862 C 0 62 0 1 0 21 1 15 0.0029619210
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Significant SNPs <0,01

Chr Pos Type Left_Gene Left_Distance Right_Gene Right_Distance Reference S.A S.C S.G S.T C.A C.C C.G C.T FDR P-value
X 21934277 Intron FBgn0031195 17242 NA 9583 T 0 36 2 17 0 17 0 53 0.0081082528

3R 1653788 Intergenic FBgn0037384 1490 FBgn0037385 1996 C 0 70 0 12 0 44 0 45 0.0081082528

2R 21051226 Intergenic FBgn0003715 24162 FBgn0054038 4231 T 0 77 0 5 0 49 0 30 0.0082058269

2R 7328464 Intron FBgn0033635 4713 NA 1264 T 0 36 0 29 0 2 0 31 0.0082058269

2R 13495169 Intron FBgn0034253 2713 NA 31470 A 50 0 0 23 26 0 0 63 0.0082058269

2R 13495393 Intron FBgn0034253 2937 NA 31246 C 0 62 12 0 0 41 47 0 0.0082058269

3L 5757941 Intron FBgn0035630 2871 NA 865 T 71 0 0 6 59 0 0 39 0.0082058269

3R 7516152 Exon FBgn0042110 45 NA 1369 G 0 0 86 5 0 0 38 23 0.0082058269

2L 7524529 Intron FBgn0085403 26724 NA 52075 A 31 0 0 23 61 0 0 3 0.0082058269

2R 13193769 Intron FBgn0261642 40711 NA 69605 C 0 47 12 0 0 19 37 0 0.0082058269

X 10119168 Intron FBgn0085437 5025 NA 4780 C 27 45 0 0 3 67 0 0 0.0082388502

X 1601040 Intergenic FBgn0023130 11118 FBgn0025378 1931 G 21 0 31 0 3 0 69 0 0.0083127877

2R 16507855 Intron FBgn0034527 1847 NA 731 C 0 6 1 75 0 30 0 43 0.0083233515

2L 18429799 Intergenic FBgn0000636 37224 FBgn0261597 12699 A 0 56 0 0 11 19 0 1 0.0084384758

2R 13271933 Intergenic FBgn0261642 8559 FBgn0050232 7346 G 12 0 52 0 45 0 29 0 0.0084384758

3R 4792023 Intergenic FBgn0037645 3340 FBgn0037646 14620 C 29 14 0 0 9 43 0 0 0.0085791191

2R 7887972 Intergenic FBgn0033673 9026 FBgn0004839 1011 A 14 41 0 0 0 83 0 0 0.0086557461

2R 20258304 Intron FBgn0004101 27068 NA 5694 C 0 36 32 0 0 51 4 0 0.0088988966

X 21215575 Intron FBgn0000709 4752 NA 542 T 0 0 52 44 0 0 17 72 0.0089332333

3R 25015447 Intron FBgn0039647 16461 NA 5269 G 0 0 23 25 0 0 44 3 0.0089332333

X 19269467 Intron FBgn0031016 22249 NA 94607 C 0 35 38 0 0 70 12 0 0.0090203208

2R 20211279 Intergenic FBgn0003888 10653 FBgn0005638 7766 C 0 25 0 16 0 11 0 61 0.0090715941

2R 13293750 Exon FBgn0034210 941 NA 1180 G 0 32 24 0 0 13 67 0 0.0091664869

2R 13334827 Exon FBgn0034219 2139 NA 161 C 0 30 0 37 0 51 0 8 0.0092181562

2R 13270898 Intergenic FBgn0261642 7524 FBgn0050232 8381 A 49 0 29 0 74 0 4 0 0.0093269079

2R 13140562 Intergenic FBgn0046294 5674 FBgn0261642 12496 A 25 0 38 0 49 0 10 0 0.0099164427
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Supplementary Table 4: Selected Region Genes 

List of the genes that underly the selected regions.  
 
region_# Gene  Name Chr Pos 

1 FBgn0000256  capu 2L 3872658 
1 FBgn0051774  fred 2L 3905524 
1 FBgn0051773  CG31773 2L 3911790 
1 FBgn0085205  CG34176 2L 4004080 
1 FBgn0031579  CG15422 2L 4004984 
1 FBgn0031580  CG15423 2L 4006041 
1 FBgn0031581  CG10039 2L 4007690 
1 FBgn0000547  ed 2L 4031379 
1 FBgn0086032  snoRNA:Me28S-C437 2L 4085890 
2 FBgn0051823  CG31823 2L 15898920 
2 FBgn0051821  CG31821 2L 15900985 
2 FBgn0028645  beat-Ib 2L 15905134 
2 FBgn0032577  CG13244 2L 15916888 
2 FBgn0028514  CG4793 2L 15923395 
2 FBgn0028857  CG12448 2L 15941441 
2 FBgn0028856  CG18063 2L 15957858 
2 FBgn0028858  CG10839 2L 15979535 
2 FBgn0028644  beat-Ic 2L 16000537 
2 FBgn0085196  CG34167 2L 16002981 
2 FBgn0045827  CG13245 2L 16004572 
2 FBgn0051820  CG31820 2L 16005768 
2 FBgn0000182  BicC 2L 16042032 
2 FBgn0013433  beat-Ia 2L 16049995 
2 FBgn0028520  CG4891 2L 16095009 
2 FBgn0028884  CG4892 2L 16133508 
2 FBgn0085197  CG34168 2L 16134707 
2 FBgn0001991  Ca-alpha1D 2L 16170657 
3 FBgn0032624  CG6304 2L 17011547 
3 FBgn0032625  CG15136 2L 17047161 
3 FBgn0032626  CG12620 2L 17087641 
3 FBgn0051784  CG31784 2L 17123307 
3 FBgn0032627  beat-IIIa 2L 17133618 
3 FBgn0083942  CG34106 2L 17171407 
3 FBgn0261815  CG42757 2L 17172323 
3 FBgn0085198  CG34169 2L 17173481 
3 FBgn0045487  Gr36a 2L 17176618 
3 FBgn0045486  Gr36b 2L 17178772 
3 FBgn0045485  Gr36c 2L 17180338 
3 FBgn0046888  Gr36d 2L 17181938 
3 FBgn0032629  beat-IIIc 2L 17189810 
3 FBgn0032631  CG15140 2L 17286294 
3 FBgn0032632  CG6380 2L 17291134 
4 FBgn0015609  CadN 2L 17649866 
4 FBgn0032655  CadN2 2L 17788305 
5 FBgn0039972  CG17018 2L 22311931 
6 FBgn0086655  jing 2R 2389764 
7 FBgn0034180  CG15609 2R 12895409 
7 FBgn0034181  CG8963 2R 12903851 
7 FBgn0024252  Ark 2R 12907549 
7 FBgn0023172  RhoGEF2 2R 12914746 
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7 FBgn0050459  CG30459 2R 12920077 
7 FBgn0034182  CG9640 2R 12932461 
7 FBgn0034183  CG9642 2R 12934350 
7 FBgn0034184  CG9646 2R 12936380 
7 FBgn0026721  fat-spondin 2R 12941508 
7 FBgn0086350  tef 2R 12942048 
7 FBgn0034186  CG8950 2R 12947368 
7 FBgn0034187  CG6967 2R 12950282 
7 FBgn0050460  CG30460 2R 12953476 
7 FBgn0010591  Sply 2R 12975939 
7 FBgn0034191  CG6984 2R 12979515 
7 FBgn0010226  GstS1 2R 12980758 
7 FBgn0050456  CG30456 2R 12990372 
7 FBgn0034194  CG15611 2R 12996352 
7 FBgn0000079  Amy-p 2R 13006211 
7 FBgn0034195  Spn53F 2R 13010398 
7 FBgn0000078  Amy-d 2R 13012267 
7 FBgn0034196  CG15605 2R 13013912 
7 FBgn0034197  Cda9 2R 13016338 
7 FBgn0083936  Acp54A1 2R 13020963 
7 FBgn0034198  CG11400 2R 13021662 
7 FBgn0034199  CG15917 2R 13023962 
7 FBgn0034200  CG11395 2R 13024746 
7 FBgn0065048  snoRNA:U3:54Aa 2R 13031026 
7 FBgn0050234  tRNA:CR30234 2R 13031470 
7 FBgn0050235  tRNA:CR30235 2R 13032805 
7 FBgn0065047  snoRNA:U3:54Ab 2R 13033159 
7 FBgn0034201  CG17290 2R 13042204 
7 FBgn0034202  CG17287 2R 13044039 
7 FBgn0050458  CG30458 2R 13045830 
7 FBgn0050457  CG30457 2R 13047659 
7 FBgn0034204  CG10953 2R 13052966 
7 FBgn0034205  CG10950 2R 13082708 
7 FBgn0034206  CG18469 2R 13133274 
7 FBgn0046294  CG12699 2R 13134035 
7 FBgn0261642  mbl 2R 13153058 
7 FBgn0050232  tRNA:CR30232 2R 13279279 
7 FBgn0011879  tRNA:H:56E 2R 13279720 
7 FBgn0010620  Sip1 2R 13282101 
7 FBgn0034210  CG6568 2R 13292809 
7 FBgn0050101  CG30101 2R 13295763 
7 FBgn0016697  Prosalpha5 2R 13300269 
7 FBgn0021818  cnk 2R 13301476 
7 FBgn0022029  l(2)k01209 2R 13307938 
7 FBgn0034214  CG6550 2R 13313168 
7 FBgn0034215  CG4802 2R 13315225 
7 FBgn0025716  Bap55 2R 13316854 
7 FBgn0034217  Lhr 2R 13318556 
7 FBgn0027506  EDTP 2R 13319615 
7 FBgn0034218  CG18467 2R 13328109 
7 FBgn0034219  mthl4 2R 13332688 
7 FBgn0028956  mthl3 2R 13336038 
7 FBgn0034221  CG10764 2R 13340924 
7 FBgn0085221  CG34192 2R 13343269 
7 FBgn0024196  robl 2R 13343979 
7 FBgn0028953  CG14478 2R 13345186 
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7 FBgn0034223  CG6522 2R 13353379 
7 FBgn0022987  qkr54B 2R 13357137 
7 FBgn0034224  CG6520 2R 13362703 
7 FBgn0034225  veil 2R 13366629 
7 FBgn0050104  CG30104 2R 13372502 
7 FBgn0050103  CG30103 2R 13381267 
7 FBgn0061354  CG4844 2R 13390233 
7 FBgn0061355  CG18431 2R 13390233 
7 FBgn0085222  CG34193 2R 13397455 
7 FBgn0034229  CG4847 2R 13399028 
7 FBgn0034230  CG4853 2R 13401710 
7 FBgn0034231  CG11419 2R 13404766 
7 FBgn0034232  CG4866 2R 13405728 
7 FBgn0022085  ssp4 2R 13406523 
7 FBgn0034237  eIF3-S9 2R 13423718 
7 FBgn0034238  CG18432 2R 13426827 
7 FBgn0034239  CG18631 2R 13429409 
7 FBgn0085223  CG34194 2R 13431833 
7 FBgn0028382  cyp33 2R 13432397 
7 FBgn0010409  RpL18A 2R 13433895 
7 FBgn0034240  MESR4 2R 13435329 
7 FBgn0004377  Klp54D 2R 13444412 
7 FBgn0034242  CG14480 2R 13451845 
7 FBgn0034243  ns2 2R 13452950 
7 FBgn0040294  POSH 2R 13456243 
7 FBgn0034245  CG14482 2R 13459837 
7 FBgn0250868  CG42239 2R 13460335 
7 FBgn0016701  Rab4 2R 13460579 
7 FBgn0034246  Dcr-2 2R 13462484 
7 FBgn0034247  CG6484 2R 13469512 
7 FBgn0034248  CG14483 2R 13473140 
7 FBgn0034249  RhoGAP54D 2R 13473930 
7 FBgn0029079  icln 2R 13478471 
7 FBgn0050105  CG30105 2R 13479309 
7 FBgn0029006  lack 2R 13480319 
7 FBgn0034251  CG11423 2R 13482772 
7 FBgn0261501  CG42649 2R 13486645 
7 FBgn0050333  tRNA:CR30333 2R 13492040 
7 FBgn0050231  tRNA:CR30231 2R 13492276 
7 FBgn0034253  CG10936 2R 13492456 
8 FBgn0034713  CG11291 2R 18098946 
8 FBgn0025186  ari-2 2R 18100346 
8 FBgn0050278  CG30278 2R 18105022 
8 FBgn0050277  Oatp58Da 2R 18105961 
8 FBgn0034715  Oatp58Db 2R 18108685 
8 FBgn0034716  Oatp58Dc 2R 18111186 
8 FBgn0020307  dve 2R 18131468 
8 FBgn0034717  CG5819 2R 18180964 
8 FBgn0034718  wdp 2R 18185718 
8 FBgn0013272  Gp150 2R 18205167 
8 FBgn0085236  CG34207 2R 18216920 
8 FBgn0017482  T3dh 2R 18217231 
8 FBgn0016053  pgc 2R 18217658 
8 FBgn0085237  CG34208 2R 18220631 
8 FBgn0034720  CG11206 2R 18221009 
8 FBgn0034721  CG11298 2R 18235812 
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8 FBgn0034722  Rtf1 2R 18262597 
8 FBgn0025878  wrapper 2R 18267017 
8 FBgn0034723  CG13506 2R 18270641 
8 FBgn0034724  CG3624 2R 18281567 
8 FBgn0034725  CG6044 2R 18291678 

8 FBgn0053200  
ventrally-expressed-
protein-D 2R 18296156 

8 FBgn0022984  qkr58E-3 2R 18297009 
8 FBgn0034726  Mes4 2R 18299312 
8 FBgn0022986  qkr58E-1 2R 18300422 
8 FBgn0022985  qkr58E-2 2R 18303318 
8 FBgn0034727  mRpS29 2R 18306442 
8 FBgn0034728  rad50 2R 18308544 
8 FBgn0034729  CG10344 2R 18313237 
8 FBgn0034730  ppk12 2R 18314984 
8 FBgn0034731  CG10384 2R 18353994 
8 FBgn0034732  CG3701 2R 18360786 
8 FBgn0034733  CG4752 2R 18365892 
8 FBgn0034734  CG4554 2R 18370846 
8 FBgn0034735  CG4610 2R 18379719 
8 FBgn0003175  px 2R 18384003 
8 FBgn0034736  CG6018 2R 18437605 
8 FBgn0034737  CG11362 2R 18449865 
8 FBgn0260866  dnr1 2R 18451012 
8 FBgn0034739  CG3927 2R 18482193 
8 FBgn0034741  CG4269 2R 18486860 
8 FBgn0034742  CG4294 2R 18487910 
8 FBgn0034743  RpS16 2R 18493626 
8 FBgn0086028  snoRNA:Me28S-G2173 2R 18494300 
8 FBgn0083005  snoRNA:Psi28S-1175a 2R 18494590 
8 FBgn0083004  snoRNA:Psi28S-1175b 2R 18494737 
8 FBgn0083003  snoRNA:Psi28S-1175c 2R 18494890 
8 FBgn0082925  snoRNA:Or-aca1 2R 18495049 
8 FBgn0034744  Vps20 2R 18496038 
8 FBgn0034745  CG4329 2R 18496838 
8 FBgn0053143  CG33143 2R 18501835 
8 FBgn0034748  CG17807 2R 18521524 
8 FBgn0019949  Cdk9 2R 18523568 
8 FBgn0026261  bonsai 2R 18525277 
8 FBgn0034750  CG3732 2R 18526310 
8 FBgn0261596  RpS24 2R 18528026 
8 FBgn0040091  Ugt58Fa 2R 18529401 
8 FBgn0034753  CG2852 2R 18532448 
8 FBgn0050195  CG30195 2R 18534118 
8 FBgn0085475  CG34446 2R 18535083 
8 FBgn0085474  CG34445 2R 18535397 
8 FBgn0034755  CG3746 2R 18536621 
8 FBgn0034740  CG3875 2R 18538079 
8 FBgn0034756  Cyp6d2 2R 18540078 
8 FBgn0050196  CG30196 2R 18542305 
8 FBgn0050217  CG30217 2R 18543054 
8 FBgn0034758  CG13510 2R 18545410 
8 FBgn0034759  CG13511 2R 18547217 
8 FBgn0260767  CG42565 2R 18547988 
8 FBgn0260768  CG42566 2R 18549439 
8 FBgn0034761  CG4250 2R 18551193 
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8 FBgn0050273  CG30273 2R 18554676 
8 FBgn0050269  CG30269 2R 18555447 
8 FBgn0040658  CG13516 2R 18556961 
8 FBgn0034763  RYBP 2R 18558257 
8 FBgn0020257  ppa 2R 18573030 
8 FBgn0005631  robo 2R 18580029 
8 FBgn0050259  CG30259 2R 18588949 
8 FBgn0034766  Obp59a 2R 18590222 
8 FBgn0034768  Obp58b 2R 18592215 
8 FBgn0034769  Obp58c 2R 18593450 
8 FBgn0034770  Obp58d 2R 18594453 
8 FBgn0050275  CG30275 2R 18595299 
9 FBgn0003715  CG16778 2R 20973303 
9 FBgn0050430  CG30430 2R 21016955 
9 FBgn0054038  CG34038 2R 21055457 
9 FBgn0259968  Sfp60F 2R 21059768 
9 FBgn0011694  PebII 2R 21061320 
9 FBgn0004181  Peb 2R 21062864 
9 FBgn0035094  CG9380 2R 21071152 

10 FBgn0085420  CG34391 3L 5424732 
10 FBgn0035607  CG4835 3L 5472950 
10 FBgn0035608  CG10630 3L 5490623 
10 FBgn0085371  CG34342 3L 5496628 
11 FBgn0036771  CG14353 3L 17901243 
11 FBgn0036772  CG5290 3L 17902583 
11 FBgn0000568  Eip75B 3L 17945063 
11 FBgn0086081  snoRNA:Me28S-A30 3L 17996078 
11 FBgn0052192  CG32192 3L 18033417 
11 FBgn0259739  CG42393 3L 18035833 
11 FBgn0085281  CG34252 3L 18063390 
11 FBgn0085282  CG34253 3L 18079491 
11 FBgn0036773  CG13698 3L 18082209 
11 FBgn0036774  mRpS26 3L 18099681 
11 FBgn0036775  CG5147 3L 18100946 
11 FBgn0002901  mus304 3L 18102929 
11 FBgn0036777  CG7341 3L 18106065 
11 FBgn0052195  CG32195 3L 18106070 
11 FBgn0036778  Cyp312a1 3L 18123200 
11 FBgn0020300  gk 3L 18132504 
11 FBgn0036780  CG7330 3L 18142025 
11 FBgn0036781  CG13699 3L 18147993 
11 FBgn0003997  W 3L 18160842 
11 FBgn0036782  CG7320 3L 18194736 
11 FBgn0036783  CheA75a 3L 18245188 
11 FBgn0036784  CG5103 3L 18285225 
11 FBgn0036785  CG13700 3L 18291841 
11 FBgn0015946  grim 3L 18295819 
11 FBgn0011706  rpr 3L 18390653 
11 FBgn0036786  skl 3L 18431656 
11 FBgn0052196  CG32196 3L 18452569 
11 FBgn0036787  CG4306 3L 18455057 
11 FBgn0028415  Met75Cb 3L 18462478 
11 FBgn0028416  Met75Ca 3L 18465243 
11 FBgn0036789  AlCR2 3L 18479602 
11 FBgn0052198  CG32198 3L 18520090 
11 FBgn0036790  star1 3L 18553358 
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11 FBgn0036791  CG7271 3L 18581863 
11 FBgn0003683  term 3L 18585403 
11 FBgn0036793  CG4174 3L 18593248 
11 FBgn0036799  CG13380 3L 18593248 
11 FBgn0036794  CG18234 3L 18596525 
11 FBgn0036795  CG18233 3L 18598572 
11 FBgn0036796  CG18231 3L 18600562 
11 FBgn0052201  CG32201 3L 18602720 
11 FBgn0052199  CG32199 3L 18605000 
11 FBgn0052200  tRNA:CR32200 3L 18611490 
11 FBgn0013717  not 3L 18611901 
11 FBgn0259791  bora 3L 18615794 
11 FBgn0036801  MYPT-75D 3L 18619061 
11 FBgn0260027  CG42495 3L 18660461 
11 FBgn0042134  CG18811 3L 18661419 
11 FBgn0040322  GNBP2 3L 18666572 
11 FBgn0040323  GNBP1 3L 18668913 
11 FBgn0085283  CG34254 3L 18673509 
11 FBgn0036804  Sgf11 3L 18674140 
11 FBgn0052202  CG32202 3L 18675334 
11 FBgn0036805  Chmp1 3L 18676243 
11 FBgn0036806  Cyp12c1 3L 18677625 
11 FBgn0036807  CG6893 3L 18687287 
11 FBgn0036808  CG18363 3L 18690167 
11 FBgn0036809  CG12477 3L 18714993 
11 FBgn0036810  CG6885 3L 18737594 
11 FBgn0036811  MED11 3L 18739002 
11 FBgn0036812  Nufip 3L 18739704 
11 FBgn0036813  Aut1 3L 18741808 
11 FBgn0001078  ftz-f1 3L 18745014 
11 FBgn0036814  CG14073 3L 18795362 
12 FBgn0037212  nAcRalpha-80B 3L 23199770 
12 FBgn0010215  alpha-Cat 3L 23311774 
12 FBgn0052230  CG32230 3L 23332426 
12 FBgn0250816  AGO3 3L 23547715 
12 FBgn0039977  CG17454 3L 23708125 
12 FBgn0058298  CG40298 3L 23719967 
12 FBgn0040056  CG17698 3L 23731058 
12 FBgn0058470  CG40470 3L 23832959 
12 FBgn0058053  CG40053 3L 24003031 
12 FBgn0058045  CG40045 3L 24021621 
12 FBgn0011288  Snap25 3L 24067329 
12 FBgn0259697  nvd 3L 24317967 
13 FBgn0260465  CG3563 3R 10567309 
13 FBgn0053330  CG33330 3R 10619489 
13 FBgn0038260  CG14855 3R 10622029 
13 FBgn0038261  CG14856 3R 10624712 
13 FBgn0038262  CG14857 3R 10627512 
13 FBgn0053555  btsz 3R 10629811 
13 FBgn0038266  CG3610 3R 10670765 
13 FBgn0038267  CG17304 3R 10685027 
13 FBgn0038268  CG3631 3R 10705163 
13 FBgn0038269  Rrp6 3R 10708105 
13 FBgn0067628  CG33331 3R 10712198 
13 FBgn0067629  CG33332 3R 10712202 
13 FBgn0004597  CycC 3R 10714726 
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13 FBgn0038271  CG3731 3R 10715800 
13 FBgn0038272  CG7265 3R 10718114 
13 FBgn0038273  CG14860 3R 10720506 
13 FBgn0038274  CG7262 3R 10721425 
13 FBgn0038275  CG3817 3R 10724435 
13 FBgn0038276  CG7026 3R 10725361 
13 FBgn0038277  RpS5b 3R 10726154 
13 FBgn0028662  VhaPPA1-1 3R 10728048 
13 FBgn0038279  CG3837 3R 10744402 
13 FBgn0038280  CG14861 3R 10840492 
13 FBgn0038281  RpL10Aa 3R 10863088 
13 FBgn0038282  dpr9 3R 10882195 
14 FBgn0003249  Rh3 3R 15906772 
14 FBgn0051206  CG31206 3R 15932658 
14 FBgn0038773  CG10887 3R 15940661 
14 FBgn0045471  Gr92a 3R 15946782 
14 FBgn0038774  CG5023 3R 15995158 
14 FBgn0083975  CG34139 3R 16030531 
14 FBgn0038775  CG17199 3R 16033923 
14 FBgn0038780  CG5060 3R 16078505 
14 FBgn0028386  cic 3R 16118987 
14 FBgn0038783  CG4367 3R 16129800 
14 FBgn0038784  CG4362 3R 16131938 
14 FBgn0261550  CG42668 3R 16135263 
14 FBgn0038787  CG4360 3R 16149996 
14 FBgn0038788  Sirt2 3R 16154192 
14 FBgn0038789  Ir92a 3R 16164989 
14 FBgn0038790  MtnC 3R 16186030 
15 FBgn0085391  CG34362 3R 23852334 
15 FBgn0085383  CG34354 3R 23972546 
16 FBgn0029649  CG4116 X 2960801 
17 FBgn0029745  CG6789 X 5025931 
17 FBgn0029746  CG15465 X 5059364 
17 FBgn0029747  CG5062 X 5074214 
17 FBgn0029748  CG15464 X 5081005 
18 FBgn0052727  CG32727 X 7301241 
18 FBgn0259098  CG42246 X 7305300 
18 FBgn0261615  CG42704 X 7306701 
18 FBgn0261616  CG42705 X 7307915 
18 FBgn0085366  CG34337 X 7311286 
18 FBgn0029950  CG9657 X 7312628 
18 FBgn0040922  CG15036 X 7318560 
18 FBgn0052726  CG32726 X 7319253 
18 FBgn0040923  CG11368 X 7346241 
19 FBgn0261260  Megalin X 9253877 
20 FBgn0030360  CG1806 X 11901211 
20 FBgn0030361  CG1492 X 11903742 
20 FBgn0030362  regucalcin X 11906467 
20 FBgn0043001  Chrac-16 X 11911307 
20 FBgn0030364  CG15735 X 11912677 
20 FBgn0030365  Tango4 X 11915097 
20 FBgn0030366  Usp7 X 11916861 
20 FBgn0030367  Cyp311a1 X 11923317 
20 FBgn0030369  Cyp318a1 X 11926665 
20 FBgn0030370  CG1950 X 11949371 
20 FBgn0052656  Muc11A X 11953834 
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20 FBgn0085352  CG34323 X 11964470 
20 FBgn0030373  CG12721 X 11966041 
20 FBgn0030374  CG15734 X 11980502 
20 FBgn0052657  CR32657 X 11981244 
20 FBgn0040859  CR32658 X 11985297 
20 FBgn0030375  CG11356 X 11996977 
20 FBgn0030376  CG2750 X 12001233 
20 FBgn0030377  CG1924 X 12070928 
20 FBgn0259240  Ten-a X 12087914 
20 FBgn0052655  CG32655 X 12128704 
20 FBgn0030384  CG2577 X 12267244 
20 FBgn0030385  Ir11a X 12269629 
21 FBgn0030563  CG18157 X 14208656 
21 FBgn0052598  CG32598 X 14210159 
21 FBgn0052600  dpr8 X 14216259 
21 FBgn0052601  CG32601 X 14272839 
21 FBgn0030566  CG18313 X 14274384 
21 FBgn0030569  CG9411 X 14366436 
21 FBgn0030570  CG12540 X 14390170 
22 FBgn0027621  Pfrx X 19389538 
22 FBgn0031023  CG14200 X 19403979 
22 FBgn0027291  l(1)G0156 X 19413148 
22 FBgn0261573  CoRest X 19415962 
22 FBgn0031026  CG12231 X 19425065 
22 FBgn0052532  CG32532 X 19426045 
22 FBgn0026430  Grip84 X 19455373 
22 FBgn0000257  car X 19460052 
22 FBgn0031030  Tao-1 X 19465181 
22 FBgn0031031  CG14218 X 19474579 
22 FBgn0031032  CG14204 X 19477675 
22 FBgn0031033  CG14219 X 19481415 
22 FBgn0031034  CG14205 X 19486645 
22 FBgn0261593  RpS10b X 19492064 
22 FBgn0031036  CG14220 X 19494341 
22 FBgn0031037  CG14207 X 19499191 
22 FBgn0031038  Tyler X 19505559 
22 FBgn0031039  Shawn X 19505559 
22 FBgn0031040  CG14210 X 19510240 
22 FBgn0027358  Tim9b X 19510696 
22 FBgn0031041  CG12788 X 19510696 
22 FBgn0031042  CG14221 X 19512850 
22 FBgn0031043  CG14222 X 19515479 
22 FBgn0031044  MKP-4 X 19517147 
22 FBgn0031045  CG14212 X 19519767 
22 FBgn0087008  e(y)3 X 19521982 
22 FBgn0031047  CG14213 X 19532913 
22 FBgn0031048  CG12237 X 19535223 
22 FBgn0031049  Sec61gamma X 19537365 
22 FBgn0031050  Arp11 X 19538561 
22 FBgn0031051  Ranbp21 X 19540617 
22 FBgn0031052  CG14215 X 19546340 
22 FBgn0031053  CG14223 X 19553745 
22 FBgn0031054  CG14216 X 19558600 
22 FBgn0004057  Zw X 19561266 
22 FBgn0031055  CG14225 X 19566669 
22 FBgn0043903  dome X 19570090 
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22 FBgn0031057  Ubqn X 19577781 
22 FBgn0031058  CG14227 X 19581824 
22 FBgn0086384  Mer X 19584627 
22 FBgn0031059  CG14229 X 19588231 
22 FBgn0010341  Cdc42 X 19591117 
22 FBgn0031060  CG14231 X 19594103 
22 FBgn0031061  CG14232 X 19596015 
22 FBgn0031062  CG14230 X 19598193 
22 FBgn0040089  meso18E X 19600431 
22 FBgn0031064  CG12531 X 19613576 
22 FBgn0010380  Bap X 19625036 
22 FBgn0031065  CG14234 X 19629607 
22 FBgn0031066  CG14235 X 19634575 
22 FBgn0042132  CG18809 X 19635813 
22 FBgn0066303  CG33932 X 19638466 
22 FBgn0066304  Rpp20 X 19638466 
22 FBgn0052528  CG32528 X 19640090 
22 FBgn0031068  Alr X 19642952 
22 FBgn0031069  CG12703 X 19644833 
22 FBgn0031070  CG12702 X 19653201 
22 FBgn0259789  vfl X 19670020 
22 FBgn0026174  skpD X 19706762 
22 FBgn0026175  skpC X 19710171 
22 FBgn0031074  skpE X 19717529 
22 FBgn0261811  pico X 19727372 
22 FBgn0031078  CG11943 X 19746249 
22 FBgn0031077  CG15618 X 19753776 
22 FBgn0052529  CG32529 X 19762443 
22 FBgn0086782  amn X 19780141 
23 FBgn0031126  Cyp6v1 X 20528811 
23 FBgn0031127  CG1835 X 20539355 
23 FBgn0031128  hydra X 20541859 
23 FBgn0003300  run X 20565468 
23 FBgn0031129  CG1324 X 20605771 
23 FBgn0031130  CG15452 X 20616098 
23 FBgn0085387  shakB X 20642289 
23 FBgn0052507  CG32507 X 20651599 
23 FBgn0031132  CG15450 X 20693173 
23 FBgn0031134  CG1314 X 20739016 
23 FBgn0031135  CR11235 X 20746139 
23 FBgn0261624  CG42707 X 20752841 
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Supplementary Figure 1: Scaled Heterozygozity S and C lines 

Genome wide distribution of scaled Heterozygosity in non-overlapping 1kb windows in the Selection and 
Control lines. 

 

 
 

 

 

 

 
 
SupplementalFigure1: Genome wide distribution of scaled heterozygosity in non-overlapping 1kb 

windows in the Selection (red) and Control lines (blue). The distributions are significantly different 

between the two treatments (p<1e-16). These empirical genome-wide distributions have been used to 

sample Likelihood values to determine significance thresholds for the selected regions.  
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Summary  
One of the central questions in evolutionary biology is how organisms are able to adapt to 
their environment. When selection is very strong, evolutionary changes can occur at very 
short timescales. Selection can generate substantial changes in the traits of organisms 
within a few generations. By investigating which genetic changes underlie these rapid 
adaptive changes, and what effect the selection pressure has had on the rest of the 
genome (all the DNA of an individual), we can come to a better understanding of 
evolutionary processes.  

In this thesis I apply a combination of experimental selection and genome-
sequencing in order to investigate these rapid evolutionary responses. During 
experimental selection, multiple replicates of an experimental population (selection lines) 
are exposed to a selection pressure that is applied by the researchers. These populations 
are subsequently compared to other populations that have been exposed to the same 
conditions, but not to the selection pressure (control lines). This enables the examination 
of the effects of selection in multiple populations that have the same genetic background 
and in a controlled environment.  

By analysing the effect of selection both on the phenotype (the traits) and on the 
genotype (the DNA) of the selection lines, it is possible to link the phenotypic change in 
the selection lines to specific genetic variants. By combining experimental selection with 
next-generation genome sequencing, an “evolve and re-sequence” approach, I describe the 
effects of a strong selection pressure (and rapid adaptations) on the genome and identify 
candidate genes that may be involved in the trait under selection.  

My research investigated the rapid changes in resistance of D. melanogaster fruit 
flies caused by infection by Asobara tabita parasitoid wasps. Parasitoids are insects that 
develop within he body of other insects, thereby killing the host. An A. tabida parasitoid 
wasp deposits a singe egg into a (second instar) D. melanogaster larva. The egg hatches 
around the time that the host pupates and feeds upon the host. Infection by a parasitoid is 
fatal to a fruit fly larva, unless it is able to successfully complete an immune response 
against the parasitoid egg. In D. melanogaster this immune response consists of the 
recognition of the parasitoid egg, the encapsulation of the egg by specialized blood cells 
(hemocytes) and the melanization of the capsule. Only the complete melanization of the 
capsule stops the parasitoid egg from hatching and allows survival of the host.  

The ability to resist parasitoid wasps is highly variable, both among different 
Drosophila species, and among different populations. In the melanogaster subgroup some 
species are highly resistant (e.g. D. simulans), while others lack the ability to respond to 
parasitoid infections (e.g. D. sechellia) (Prévost and Eslin, 1998; Salazar-Jaramillo et al., 
2014). Within D. melanogaster there are also substantial differences in resistance levels 
among populations: many populations in the south of Europe are highly resistant while in 
northern populations the chances of survival after parasitization are much smaller. 
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(Kraaijeveld and Van Alphen, 1995; Kraaijeveld and Godfray, 1999; Gerritsma et al., 2013). 
These differences in parasitoid resistance reflect local parasitation rates, ecology and 
species composition, which can cause different selection pressures and adaptive genetic 
differences among populations.  

Using experimental selection I generated highly resistant selection lines, and 
investigated how these lines had changed due to selection. By allowing only those 
individuals that had survived parasitation to reproduce, I created populations that were 
adapted to infection by parasitoids. After 5 generations of selection, the level of resistance 
in the four selection lines had more than doubled compared to the control lines 
(respectively 50% and 20% successful encapsulation). The difference in resistance between 
the selection and control lines was maintained in the absence of selection for at least 2.5 
years. After 46 generations, three of the four selection lines still showed a higher 
resistance ability. This indicates that the selection pressure caused genetic changes that 
remained present in the populations for an extended period of time.  

In addition to studying the level of resistance itself, I also examined the changes 
caused by selection in the number of hemocytes, since these blood cells have an important 
role in the encapsulation of the parasitoid egg. In agreement with previous studies, 
(Kraaijeveld et al., 2001; Wertheim et al., 2011), we found that the selection lines had a 
higher density of hemocytes. We also found that, after 2.5 years, one of the selection lines 
no longer had a higher density of hemocytes than the control line, but nevertheless was 
more resistant. Additionally, selection did not affect all (specialized) types of hemocytes 
similarly: specifically the density of plasmatocytes and lamellocytes was increased in the 
selection lines. This increase was only evident in unparasitized larvae. In parasitized 
larvae the density of hemocytes was comparable between the selection and control lines, 
while both had an increased number of hemocytes in response to parasitation. We can 
conclude from this that the selection pressure did not act on the proliferation and 
mobilizations of blood cells upon parasitation, but on the development of the immune 
system, also in the absence of an immune threat. This could result in a more rapid, more 
efficient, response to parasitation.  

Next, I investigated the effects of the selection experiment on the genetic 
variation in both the control and the selection lines. To apply an “evolve and re-sequence” 
approach, it is important that the replicate of the selection lines do not differ too strongly 
from one another, either due to random shifts in the genetic variation of the population or 
caused by selection. Therefore, using microsatellite markers, I measured the effects of 
selection on neutral variation, investigating whether the genetic variation that is not 
directly linked to the trait is comparable between the selection and control lines. Although 
the census population size was smaller in the selection lines, they did not show a higher 
level of differentiation – neither with respect to each other, nor with respect to the control 
lines. Since the “evolve and re-sequence” analysis gains power from the replicates of 
selection lines, we also tested whether the same causal alleles were selected in different 
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selection lines. When crossing selection lines, the offspring maintained a high resistance, 
indicating that the causal genetic alleles are most likely shared between populations. 
Crosses of selection lines with control lines provided some evidence for co-dominance of 
the trait.  

By sequencing the genome of all selection and control lines, we identified 
genomic regions that showed consistent differences between the selection and control 
lines. For this we used SNPs, variable base pairs in the DNA that had more than one 
variant (allele) in the populations.  We identified multiple, small, genomic regions that 
showed changes that may be a “footprint” of a strong selection pressure. These regions 
covered less than 5% of the total D. melanogaster genome. By identifying SNP positions 
within these regions that changed substantially in allele frequency in the selection lines 
compared to the control lines, we identified 42 candidate genes that may have been a 
target of selection. There were strong indications that one genomic region on 
chromosome-arm 2R was of large effect on the resistance against the parasitoid wasp in 
D. melanogaster, since it was associated to a high number of SNPs that had changed in 
allele frequency. The genomic regions that had been affected by selection were quite 
small, which was most likely due to our highly variable base population, which was 
maintained in high numbers for a long time. This facilitated the recombination of alleles 
and the presence of relatively small genomic segments that remain together during 
inheritance ("linkage blocks"). This enables a complex trait, such as parasitoid immunity, 
to evolve without eroding genomic variation even under a strong selection pressure.  

The comparison of the changes in the genome of the selection and control lines 
yielded much information on the evolutionary process and genetic differences this caused 
between populations. However, since this approach compares traits and allele frequencies 
between populations, it does not show a causal relation between traits of an individual 
and their genotype. In order to link genotype with individual resistance, I measured the 
genetic variation on the individual level for a subset of the SNPs that had changed in allele 
frequency in the selection lines. For 10 SNPs, we determined the genotype (which allele 
they had for each SNP) and the phenotype (susceptible or resistant to parasitation) in 150 
parasitized larvae. We found a significant association between the presence of an allele-
variant and successful resistance for the genes CG18287 and muscleblind. Additionally we 
determined the allele frequencies of these SNPs during the 5 generations of the selection 
experiment. We found that most SNPs showed a consistent shift in allele frequency 
during selection. In the genome region on chromosome 2R that was strongly indicated to 
be affect by selection, we found multiple allelic combinations (linkage phases) that 
consistently increased or decreased in frequency. One of the alleles in muscleblind was 
consistently present in the linkage phases that increased in frequency, while the 
alternative allele was present in the linkage phases that decreased in frequency during 
selection. This indicated that muscleblind may be the gene that underlies the change in 
resistance ability against the parasitoid was A. tabida.  
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Future research will be needed on the candidate genes presented in this thesis, 
specifically the function of these genes in parasitoid resistance. Do these genes indeed 
influence parasitoid resistance, and if so, what role do they have in the immune system? 
Future research is also needed to see if these gene variants cause gene-expression 
differences between selection and control lines, and during the immune response.  

Based on the combined results of this thesis we conclude that experimental 
selection resulted in genetic differences in the development of the immune system, 
specifically the number and differentiation of the blood cells that contribute to the 
encapsulation of the parasitoid egg. The strong selection pressure affected small genomic 
regions, while the rest of the genetic variation remained similar between the selection and 
control lines. The causal genetic variants for increased resistance are most likely shared 
between selection lines. We believe that a genome region on chromosome 2R has a large 
effect on parasitoid resistance, possible caused by the gene muscleblind. 
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Samenvatting  
Een van de kernvragen van evolutionaire biologie is hoe organismen zich aanpassen aan 
hun omgeving. Wanneer een selectiekracht zeer sterk is kunnen deze evolutionaire 
veranderingen op zeer korte tijdschaal plaats vinden: binnen enkele generaties kan 
selectie een substantiële verandering genereren in de eigenschappen van organismen. 
Door te onderzoeken welke genetische veranderingen ten grondslag liggen aan deze 
snelle veranderingen, en wat voor effect de selectiekracht heeft op de rest van het genoom 
(al het DNA van een individu), kunnen we evolutionaire processen beter doorgronden.   

In dit proefschrift pas ik een combinatie van experimentele selectie en genoom-
sequencing toe om deze snelle evolutionaire reacties te onderzoeken. Tijdens 
experimentele selectie worden meerdere replica’s van een experimentele populatie 
(selectielijnen) blootgesteld aan een selectiekracht die door de onderzoeker wordt 
bepaald. Deze populaties worden vervolgens vergeleken met andere populaties die aan 
dezelfde condities zijn blootgesteld, maar niet aan de selectiekracht (controlelijnen). Dit 
geeft de mogelijkheid de effecten van de selectiekracht tegelijk te onderzoeken in 
meerdere populaties, met dezelfde genetische achtergrond en onder gecontroleerde 
omstandigheden.  

Door de gevolgen van de selectiekracht op zowel het fenotype (de eigenschappen) 
als op het genotype (het DNA) van de selectielijnen te analyseren, is het mogelijk om de 
fenotypische verandering in de selectielijnen te koppelen aan specifieke genetische 
variatie. Door het combineren van experimentele selectie met next-generation genome 
sequencing, ook een “evolve & re-sequence” benadering genoemd, beschrijf ik de effecten 
van een sterke selectiekracht (en een snelle aanpassing) op het genoom en identificeer ik 
kandidaatgenen die mogelijk betrokken zijn  bij de geselecteerde eigenschap.  

Mijn onderzoek richtte zich op snelle veranderingen in de resistentie van 
Drosophila melanogaster fruitvliegen tegen Asobara tabida sluipwespen als gevolg van een 
sterke selectiekracht. Sluipwespen behoren tot de parasitoïden, insecten waarvan de 
ontwikkeling plaatsvindt in andere insecten, waarbij de gastheer wordt gedood. De A. 
tabida sluipwesp legt een enkel ei in een (tweede instar) D. melanogaster larve. Het ei komt 
uit rond de tijd waarop de gastheer verpopt, waarna de wespenlarve zich voedt met de 
gastheer. Parasitatie door een sluipwesp is fataal voor de fruitvlieg larve, tenzij deze een 
immuunreactie tegen het parasitaire ei succesvol weet te volbrengen. In D. melanogaster 
bestaat deze immuunreactie uit het herkennen van het ei van de sluipwesp, het 
inkapselen van dit ei door gespecialiseerde bloedcellen (hemocyten) en het melaniseren 
van dit kapsel. Alleen wanneer het kapsel volledig gemelaniseerd is zal het wespenei niet 
uitkomen, en kan de gastheer overleven.  

De immuunreactie tegen sluipwespen vertoont een grote variatie, zowel tussen 
verschillende Drosophila soorten als tussen verschillende populaties. In de melanogaster 
subgroep zijn sommige soorten hoog-resistent (bijvoorbeeld D. simulans) en ontbreekt het 
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vermogen zich te verweren tegen parasitatie in andere soorten nagenoeg volledig 
(bijvoorbeeld D. sechellia) (Prévost and Eslin, 1998; Salazar-Jaramillo et al., 2014). Ook 
binnen D. melanogaster zijn er grote verschillen in het resistentie niveau tussen populaties: 
zo zijn bepaalde populaties in het zuiden van Europa hoog-resistent, terwijl in noordelijke 
populaties de kans om parasitering te overleven veel kleiner is (Kraaijeveld and Van 
Alphen, 1995; Kraaijeveld and Godfray, 1999; Gerritsma et al., 2013). Deze grote variatie in 
resistentie niveau reflecteert verschillen in de lokale parasitatiedruk, ecologie, en 
soortsamenstelling, die verschillen in selectiedruk en genetische aanpassingen tussen 
populaties kunnen veroorzaken.  

Ik gebruikte experimentele evolutie om hoog-resistente selectielijnen te 
genereren, en onderzocht de veranderingen die optraden in die selectielijnen. Door alleen 
die individuen zich voort te laten planten die in staat waren zich te verweren tegen 
infectie door een sluipwesp, heb ik populaties gecreëerd die beter aangepast zijn aan 
parasitatie door sluipwespen. Na 5 generaties van selectie was het resistentie niveau in de 
vier geselecteerde populaties ruim verdubbeld ten opzichte van de vier controle populaties 
(respectievelijk 50% en 20% succesvolle inkapseling). Het verschil in resistentie tussen de 
controle- en selectielijnen bleef tenminste 2.5 jaar in stand, in de afwezigheid van selectie. 
Na 46 generatie vertoonden drie van de vier selectielijnen nog een verhoogde resistentie.  
Dit geeft aan dat de selectiekracht genetische veranderingen teweeg heeft gebracht die 
langdurig in de populatie in stand bleven.  

Naast het niveau van resistentie zelf, onderzocht ik ook welke veranderingen 
selectie veroorzaakt had in het aantal hemocyten, aangezien deze bloedcellen een 
belangrijke rol spelen in de inkapseling van het ei van de parasiet. In overeenstemming 
met eerdere studies (Kraaijeveld et al., 2001; Wertheim et al., 2011), vonden we dat direct 
na selectie, de geselecteerde lijnen een hoger aantal bloedcellen bezaten. We vonden 
echter ook dat één van de selectielijnen, na 2.5 jaar, geen significant hoger aantallen 
bloedcellen bezat dan de controlelijn, maar nog wel een hogere resistentie bezat. 
Bovendien had selectie niet hetzelfde effect op alle types (gespecialiseerde) hemocyten: 
het waren vooral de plasmatocyten en lamellocyten die verhoogd aanwezig waren in de 
selectielijnen. Deze verhoging was echter alleen zichtbaar in ongeparasiteerde larven. In 
geparasiteerde larven was de hoeveelheid bloedcellen vergelijkbaar in de selectielijnen en 
controlelijnen, ook al was het aantal aanwezige bloedcellen hoger in beide als reactie op de 
aanwezigheid van het ei. Hieruit is het mogelijk te concluderen dat de selectiekracht niet 
zozeer aangreep op de bloedcelproliferatie en -mobilisatie na parasitering, maar juist op 
de ontwikkeling van het immuunsysteem voorafgaand aan parasitering, ook wanneer er 
geen acute dreiging is. Dit zou tot gevolg kunnen hebben dat de eerste reactie op 
parasitatie sneller of efficiënter is.  

Vervolgens onderzocht ik de gevolgen van het selectie-experiment op de 
genetische variatie in zowel de selectielijnen als controlelijnen. Voor het toepassen van de 
“evolve and re-sequence” benadering is het belangrijk dat replica's van selectielijnen 
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onderling niet te sterk verschillen, zowel door toevallige verschuivingen in genetische 
samenstelling van de populaties, als in hun reactie op de selectiekracht. Daarom heb ik 
eerst onderzocht welk effect de selectiekracht heeft gehad op neutrale variatie, dus of de 
selectielijnen en controlelijnen vergelijkbaar zijn in genetische variatie die niet direct 
gelinkt is aan de eigenschap. Hiervoor onderzochten we de variatie in neutrale 
microsatelliet markers. Hoewel de selectielijnen op basis van tellingen een kleinere 
populatiegrootte hadden dan de controlelijnen, waren ze niet meer gedifferentieerd – 
ofwel ten opzichte van elkaar, ofwel ten opzichte van de controlelijnen.  Aangezien de 
“evolve & re-sequence” benadering kracht put uit de replica’s van de selectielijnen, testten 
we bovendien of dezelfde causale allelen geselecteerd waren in verschillende 
selectielijnen. Bij kruisingen tussen selectielijnen onderling behield het nageslacht de 
hogere resistentie tegen de sluipwesp, wat aangeeft dat de genetische verandering 
waarschijnlijk overeenkomt tussen de lijnen. Op basis van kruisingen tussen selectielijnen 
en controlelijnen onderling, is er bewijs voor co-dominantie van de eigenschap.  

Door middel van het sequencen van het genoom van alle selectielijnen en van alle 
controlelijnen bepaalden we welke genomische gebieden consistente verschillen 
vertoonden tussen de selectielijnen en controlelijnen. We gebruikten hiervoor base-paren 
in het DNA die variabel waren (SNPs), in de zin dat op die positie van het DNA meer dan 1 
mogelijk base-paar (allel) gevonden kon worden in de populaties. We identificeerden 
meerdere, smalle, genomische gebieden die veranderingen lieten zien die een 
“voetafdruk” van een sterke selectiekracht kunnen zijn. Deze gebieden besloegen in totaal 
minder dan 5% van het D. melanogaster genoom. Door binnen deze gebieden te zoeken 
naar individuele SNPs waarvan de allel frequentie sterk veranderd was in de selectielijnen 
ten opzichte van de controlelijnen, karakteriseerden we 42 kandidaat-genen, die mogelijk 
het doelwit van selectie zijn geweest.  Voor een genomisch gebied op chromosoom-arm 2R 
waren er sterke aanwijzingen dat het mogelijk een groot effect had op de resistentie van 
D. melanogaster larven tegen de sluipwesp, met name door het grote aantal onderliggende 
SNPs dat sterk veranderd was in allel frequentie. De genomische gebieden die beïnvloed 
waren door selectie waren vrij klein, wat waarschijnlijk veroorzaakt werd door onze 
genetisch zeer variabele uitgangspopulatie, die lange tijd in grote aantallen werd 
aangehouden. Hierdoor is er relatief weinig "gekoppelde overerving" van segmenten van 
het DNA (“linkage blocks”), en kunnen verschillende allelen in verschillende combinaties 
voorkomen. Daarmee is het mogelijk voor een complexe eigenschap, zoals immuniteit 
tegen sluipwespen, te evolueren zonder dat de genetisch variatie in grote delen van het 
genoom wordt uitgeput, ook onder een sterke selectiekracht.  

De studie van de veranderingen in het genoom van de selectielijnen ten opzichte 
van de controlelijnen heeft veel informatie opgeleverd over evolutionaire processen en de 
genetische verschillen die daardoor optreden tussen populaties. Wat deze benadering 
echter niet goed kan is een causaal verband aantonen tussen individuele eigenschappen 
en het genotype, doordat gemeten wordt met de gemiddelde resistentie van deze 
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populaties. Voor het maken van de link tussen een genotype en individuele resistentie heb 
ik voor een aantal significant veranderde SNPs de genetische variatie gemeten op 
individueel niveau. Voor 10 SNPs die geïdentificeerd waren in de genomische studie, 
bepaalden we het genotype (welk base-paar ze hadden voor elk van deze SNPs) en het 
fenotype (waren ze wel of niet resistent) in honderdvijftig geparasiteerde larven. Voor de 
genen muscleblind  en CG17287 vonden we een significante associatie tussen het genotype 
en het fenotype, waarbij een bepaald allel vaker voorkwam in de resistente individuen. 
Bovendien bepaalden we voor deze 10 SNPs de verschillen in allel frequentie gedurende de 
5 generaties van het selectieproces. We vonden dat de meeste SNPs een consistente 
verschuiving in allel frequentie lieten zien gedurende het selectieproces. In het gebied op 
chromosoomarm 2R, waarvoor we sterke aanwijzingen hadden dat het een doelwit voor 
selectie was geweest, vonden we meerdere combinaties van allelen (“linkage phases”) die 
consistent in frequentie stegen of daalden. Van de “ linkage phases” die toenamen 
gedurende het selectieproces was een van de allelen van de SNP in muscleblind consequent 
aanwezig, terwijl het alternatieve allel juist aanwezig was in de linkage phases  die 
afnamen gedurende het selectieproces. Dat is een indicatie dat muscleblind mogelijk het 
gen is geweest wat ten grondslag ligt aan de sterke verandering in resistentie tegen de 
sluipwesp A. tabida. 

Toekomstig onderzoek zal moeten kijken naar de kandidaat-genen die hier 
gepresenteerd zijn, met name naar de functie van deze genen voor de resistentie tegen 
sluipwespen. Beïnvloeden deze genen werkelijk de resistentie tegen sluipwespen, en zo ja, 
welke rol hebben ze binnen het immuunsysteem? Ook zal in later onderzoek uitgezocht 
moeten worden of deze genvarianten oorzakelijk zijn aan de verschillen in genexpressie 
die optreden tussen de selectie- en controlelijnen en tijdens de immuun respons.  

Gebaseerd op de gecombineerde resultaten uit dit proefschrift concluderen we 
dat de selectiedruk geresulteerd heeft in genetische verschillen in de ontwikkeling van het 
immuunsysteem, in het bijzonder het aantal en de differentiatie van de soorten 
bloedcellen die bijdragen tot de inkapseling van het ei van de sluipwesp. De sterke 
selectiekracht heeft vrij kleine delen van het genoom beïnvloed, waardoor de rest van de 
genetische variatie vergelijkbaar is gebleven tussen de verschillende selectie- en 
controlelijnen. De genetische verschillen die het verschil in resistentie veroorzaken zijn 
hoogstwaarschijnlijk hetzelfde in de vier selectielijnen. We denken dat een regio op 
chromosoom 2R een grote invloed heeft op de resistentie tegen sluipwespen, mogelijk 
veroorzaakt door het gen muscleblind.   
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