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Chapter 1 
Introduction 

Animals commonly host a wide variety of microbes, among which symbionts, i.e. microbial 
associates that live in a close and long-term biological interaction with their host, are 
ubiquitous. The effect of symbionts on hosts can range from positive interactions (mutualism) 
to negative interactions (parasitism). Examples of positive effects of symbionts on their hosts 
are the provision of essential nutrients (Douglas, 1998; Feldhaar et al., 2007) and protection 
from natural enemies (Brownlie and Johnson, 2009; Haine, 2008). Negative effects of 
symbionts include reducing host fecundity, adult survival and locomotor activity (Fleury, 
Vavre, Ris, Fouillet, & Boulétreau, 2000; Oliver, Moran, & Hunter, 2006), affecting the immune 
system (Vallet-Gely et al., 2008; Ivanov and Littman, 2011) and altering the host's 
reproductive system (Engelstädter and Hurst, 2009). Symbionts are important modulators of 
host phenotype and thus interact with host genotypes, both of which provide heritable 
variation upon which natural selection can act (Moran et al., 2008; Oliver et al., 2010; Corbin 
et al., 2017). Interactions between host and symbiotic microbes are also shaped by 
environmental conditions, such as temperature (Russell and Moran, 2006) and diet (de Vries 
et al., 2004), as well as by other symbionts (Goto et al., 2006). 

With the advent of new DNA sequencing technologies, it became clear that not only 
single partners, such as Wolbachia and other symbionts, but the whole microbiome, i.e. the 
collection of all host-associated microbes, influences a host's ecology and evolution (McFall-
Ngai et al., 2013). In addition to endosymbionts, insects generally harbour a diverse bacterial 
community (Moya et al., 2008; Moran, 2016), which is estimated to represent up to 10% of a 
healthy insect's total biomass (Douglas, 2015). Therefore, an insect can be regarded as a 
multi-organismal entity, termed a holobiont (Rosenberg et al., 2010) that provides multiple 
habitats for microorganisms, such as the external cuticle and the gut, but also the hemocoel 
or even insect body cells (Douglas, 2015).  

Similar to symbionts, the microbiome is known to impact fitness-relevant host traits, 
such as nutrition (Wong et al., 2014), defence (Koch and Schmid-Hempel, 2012) and 
reproduction (Shropshire and Bordenstein, 2016). Variation in microbiome composition has 
been linked to changes in disease susceptibility (Plottel and Blaser, 2011), metabolism (Ridley 
et al., 2012), behaviour (Rosenberg et al., 2010), and even reproductive mode (Moran et al., 
2008). The microbiota composition itself is not only shaped by host traits, such as its immune 
system (Chandler et al., 2011), or environmental factors such as diet (Ochman et al., 2010; 
Colman et al., 2012) but also through interactions between the microbes themselves (Dittmer 
et al., 2016). Thus, hosts are complex ecosystems (McFall-Ngai et al., 2013; Sicard et al., 2014) 
in which single endosymbionts and the microbiome (bacteria living within an insect's gut or 
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on its cuticle) interact. The microbiome can be considered an extended genome of its host, 
recently termed the hologenome (Zilber-Rosenberg and Rosenberg, 2008; Rosenberg and 
Zilber-Rosenberg, 2018), with microbiome variation, together with host genetic variation, 
being linked to host fitness. Moreover, the microbiome can mediate reproductive isolation 
and thus the mechanisms that drive speciation (Brucker & Bordenstein, 2012a; Shropshire & 
Bordenstein, 2016) by, for example, affecting the attractiveness and mate choice of their 
hosts (Rosenberg et al., 2010; Wittman and Fedorka, 2015). These long-term effects 
underscore the need to understand host−microbiota dynamics over evolutionary timescales.  

After the potential importance of the microbiome was realised, research focused on 
describing the composition and the effects of the microbiome on hosts. However, these 
studies rarely separated the impact of the entire microbiome from the effect of individual 
endosymbionts. Vice versa, studies investigating symbionts often ignore that they are part of 
a larger microbial community, which might be partly responsible for observed effects on 
hosts. Exploring the interaction between one host and one partner, i.e. symbiont or 
microbiome, will never allow us to clearly understand the multitude of 
interactions/influences of each partner and, therefore, will limit our ability to draw general 
predictions on the possible outcome of symbioses. Such predictions are essential for the 
upcoming challenges in our world, such as the increase in global temperatures, biological 
invasions, and the emergence of pest species and diseases. Therefore, an important area for 
future research is disentangling how endosymbionts, the broader microbiome and the host 
interact with each other. This will help to understand complex symbiotic interactions between 
hosts and symbionts and how the broader microbiome is involved in these interactions. Here 
I will test the hypothesis that symbiont-induced phenotypes are not only influenced by 
interactions with the host genotype but also by the remainder microbial community using the 
parasitic wasp Asobara japonica infected with the endosymbiont Wolbachia. 
 
 
The system 

Wolbachia 
The bacterium Wolbachia (Order: Rickettsialesis) is one of the best-studied endosymbionts. 
It is perhaps the most abundant vertically transmitted microbe worldwide, infecting an 
estimated 40% of terrestrial arthropods (Zug and Hammerstein, 2012). Wolbachia can affect 
a wide range of host traits. It can, for example, provide protection against pathogens (Hedges 
et al., 2008; Teixeira et al., 2008; Osborne et al., 2009) or prime the innate immune system 
(Moreira et al., 2009; Bian et al., 2010), with both effects being accompanied by a multitude 
of changes in host gene expression (Hussain et al., 2011; Kremer et al., 2012; Zhang et al., 
2013, 2015). In addition, Wolbachia is known to act as a nutritional mutualist in Drosophila 
species (Brownlie et al., 2009) but can also impose adverse effects on its host, for example, 
by causing oxidative stress in an Aedes aegypti cell line leading to over-expression of host 
antioxidant genes (Brennan et al., 2008) and in A. japonica where it leads to a higher oxidative 
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stress sensitivity (Monnin et al., 2017). In some cases, the host has become dependent on the 
symbiont. For example, in the wasp Asobara tabida, Wolbachia are needed to perform 
oogenesis (Dedeine et al., 2005; Pannebakker et al., 2007; Kremer et al., 2009, 2012; Moné 
et al., 2014).  

One of the best-studied aspects of Wolbachia is reproductive manipulation. 
Manipulation of the host's reproductive system is essential to the symbiont because it must 
ensure vertical transmission from parent to offspring. Often endosymbionts are passed on to 
offspring via the cytoplasm in oocytes. This likely creates selective pressure for 
endosymbionts to increase the frequency of daughters in the host's offspring. Of the four 
known reproductive phenotypes induced by Wolbachia, cytoplasmic incompatibility (CI) is the 
most frequently found, i.e. in several species across arachnid, isopod and insect orders 
(Werren et al., 2008). CI prevents infected males from successfully mating with females that 
lack the same Wolbachia type due to a sperm-egg incompatibility (Werren, 1997; Zheng et 
al., 2011). As infected females can produce offspring with infected and uninfected males, 
whereas uninfected females are only compatible with uninfected males, infected females are 
at an advantage in mixed populations, which will cause the spread of the bacterium. The other 
reproductive phenotypes induced by Wolbachia lead to a female-biased sex ratio. Wolbachia 
achieves this in three ways. (1) Feminising genetic males (Moreau et al., 2006; Engelstädter 
and Hurst, 2009), (2) killing males during development (Randerson et al., 2000; Sullivan and 
Jaenike, 2006), or (3) inducing parthenogenesis in infected females (Schilthuizen and 
Stouthamer, 1997; Werren et al., 2008). Next to CI, female parthenogenesis is the most 
commonly induced phenotype, occurring in Acari, Hymenoptera, and Thysanoptera. 
Thelytokous parthenogenesis is achieved by disruption of the cell cycle during early 
embryonic development, which results in the development of unfertilised diploid eggs 
(Werren et al., 2008). Wolbachia-induced thelytoky has thus far only been documented in 
species with a haplodiploid reproductive system in which males develop from unfertilised 
eggs (Stouthamer et al., 1990; Arakaki et al., 2000; Weeks et al., 2001). Thus, instead of 
producing sons from unfertilised eggs, infected females produce daughters, which, unlike 
males, can transmit the bacteria to their offspring.  

 
Asobara japonica 
Asobara japonica (Hymenoptera, Braconidae: Alysiinae) is a solitary endoparasitoid of 
Drosophila species and related genera. Female wasps lay their eggs in fly larvae, from which 
their larvae feed and develop (Fig.1; Carton et al., 1986). Its natural distribution range includes 
southeast Asia and Japan. In recent years this wasp has become the focus of various research 
areas in biology. A common interest lies in its potential as a biological control agent against 
several Drosophila species, such as the invasive D. suzukii pest (Biondi et al., 2020; Daane et 
al., 2021), In addition, the reproductive system and sex determination of A. japonica have 
become a research focus with a particular interest in the reproductive manipulation induced 
by the endosymbiont Wolbachia (Chen, Schenkel, Geuverink, van de Zande, & Beukeboom, 
2021; Ma et al., 2021).  



Chapter	1:	Introduction	

7	

Figure 1: Life cycle the wasp Asobara japonica, a solitary endoparasitoid of Drosophila species. Female wasps 
lay their eggs in second instar Drosophila larvae. 1) Drosophila melanogaster oviposits on rotten fruits. 
The second instar stadium is reached three days after egg laying when reared under 20°C. 2) Female 
wasps lay their eggs by piercing Drosophila larvae with their ovipositor. 3) Wasp offspring will hatch 
after 19 days with males hatching one to two days earlier than females. 

Wolbachia infection in A. japonica from Japan is known to vary geographically, with 
Wolbachia-infected populations of the wasp occurring on the northern islands of Japan. In 
contrast, uninfected populations are present on the southern islands (Mitsui et al., 2007). The 
infection of A. japonica with the endosymbiont Wolbachia strain wAjap (Kremer et al., 2009) 
causes asexual reproduction (thelytokous parthenogenesis). Uninfected A. japonica wasps 
have a haplodiploid reproductive system, like all Hymenoptera. Here unfertilised haploid eggs 
normally develop into males, whereas fertilised diploid eggs develop into females. In contrast, 
Wolbachia infected females lay unfertilised eggs, which develop into (infected) diploid 
daughters rather than haploid sons (Fig. 2A).  
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Figure 2: A) Sexual reproduction (arrhenotoky) and endosymbiont-induced parthenogenetic reproduction 
(thelytoky) in haplodiploids. In the haplodiploid reproductive system, females are diploid and normally develop 
from fertilised eggs, whereas haploid males develop from unfertilised eggs (n=haploid, 2n=diploid). Wolbachia 
infected females lay unfertilised eggs, which develop into (infected) diploid daughters rather than haploid sons 
B) A two-step-mechanism model for how endosymbionts induce thelytoky in some haplodiploid species.
Endosymbionts are considered to induce female development via two distinguished steps: diploidisation of the
egg through gamete duplication followed by feminisation of the embryo. Each step relies on a certain threshold
of endosymbiont titre during early embryonic development when sex is determined. Grey shading indicates
endosymbiont titre, ranging from zero (white) to high (black). Figure adjusted from Ma et al. (2015).

Parthenogenesis induction in A. japonica is considered a two-step process. Wolbachia 
first diploidizes unfertilised eggs and subsequently feminises these embryos (Ma et al., 2015). 
However, this Wolbachia-induced reproductive manipulation is imperfect, with infected 
females occasionally producing sons, at least under laboratory conditions. The success of this 
reproductive manipulation appears to depend on a certain threshold of Wolbachia titre in the 
egg cytoplasm, with feminisation requiring a higher Wolbachia abundance than the 
diploidisation (Ma et al., 2015). Thus, infected females may produce unfertilised diploid 
daughters and sons, whose ploidy level (1n or 2n) and infection status vary (Fig. 2B). Factors 
causing these variations of the Wolbachia titre are so far unknown. However, a strong 
influence of host genetic background in the wasp A. japonica is unlikely, as the host 
reproduces asexually, i.e. host genetic variation is minimal. Environmental factors are also 
unlikely as wasps reared in controlled, stable conditions within the laboratory will experience 
little variation in environmental factors. This suggests that other factors drive variation in 
Wolbachia titre. The fast number of studies showing the importance and influence of 
microbial communities suggest that microbe-microbe interactions or variation in microbiome 
composition (sensu stricto: all other microbes than Wolbachia carried by the wasp) might 
affect Wolbachia titres, and hence the efficiency of Wolbachia-induced reproductive 
manipulation. Therefore, it is hypothesised that the composition of the remaining 
microbiome affects Wolbachia action and the host's reproductive mode.  
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Aim of this thesis 

This thesis tries to shed light on the complexity of symbiosis in a tripartite interaction between 
the host phenotype, an endosymbiont, and the host's microbiome. It uses the model system 
A. japonica, to test the hypothesis that interaction between the endosymbiont Wolbachia,
causing asexual reproduction, the microbiome and the host genotype can affect the symbiont
induced phenotype (Fig. 3).

Figure 3: Schematic overview of expected interactions influencing the symbiont induced phenotype as proposed 
in chapter 2. Chapter 3 established connections between host genotype, bacterial community composition, and 
the symbiont in field-collected wasps in a natural setting. With this, I also investigated potential environmental 
influences on the interacting partners. The following two chapters investigated the influence of environmental 
factors on the interacting partners experimentally. Chapter 4 investigated the effect of environmental changes 
(e.g., diet and temperature) caused by the laboratory introduction, which were observed over four 
generations. Chapter 5 investigated the impact of heat, an environmental factor likely influencing the tripartite 
interaction, with a special interest in the effect on Wolbachia. Finally, chapter 6 disentangled the interactions 
by manipulating experimentally each partner separately. Wolbachia were targeted by either removing the 
symbiont or creating novel infections. Effects of manipulating host genetic background were targeted by 
creating introgression lines between sexual and asexual wasps. Lastly, the bacterial community of the wasps 
was manipulated by hosting the wasps on different food sources. 

As a first step, I investigated the hypothesis that symbiont induced phenotypes are not 
only shaped by symbiont-host interactions but also by microbe-microbe interactions. For this, 
I reviewed the body of literature on interactions between symbionts, the remainder 
microbiome and the host (chapter 2). A particular focus was put on the endosymbiont 
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Wolbachia, as the effects of the symbiont on the host are well studied. Indeed, existing 
literature provided strong support for the hypothesis that symbiont induced phenotypes are 
often exerted in close interaction with the host genotype and the remainder microbial 
community, with an additional influence of environmental factors (Brinker et al., 2019). The 
importance of the host genotype and/or microbiome for Wolbachia is indicated by studies 
showing that some Wolbachia strains can induce more than one reproductive manipulation 
if transferred into another host, e.g. in Lepidoptera (Sasaki et al., 2002) and Drosophila species 
(Jaenike, 2007). Additionally, other studies suggest that the host is not a passive bystander, 
as they can withstand Wolbachia-induced reproductive manipulation, as found in the 
butterfly Hypolimnas bolina (Hornett et al., 2006, 2008). Finally, multiple studies found that 
the efficiency and phenotype of a reproductive manipulation seem to depend on a threshold 
of Wolbachia titres, i.e. the number of bacteria causing the manipulation in the host (Hurst 
et al., 2000; Serbus et al., 2015; Wang et al., 2017). In all these studies, titre variations were 
found under identical rearing conditions for the wasps and even in a nearly clonal 
reproduction system. This suggests that microbe-microbe interactions can influence the 
efficiency and phenotype caused by Wolbachia. Together, these studies illustrate that 
Wolbachia may be a potent manipulator that does not act in isolation but in interaction with 
the host genome and other microbes, i.e. the remainder microbiome. Overall, chapter 2 
provided support for the hypothesis that a failed reproductive manipulation in A. japonica 
might be caused by microbe-microbe interactions either directly via competition for 
resources and space (Goto et al., 2006) or indirectly, for example, via the induction of a 
general immune response (Koch and Schmid-Hempel, 2011; Abraham et al., 2017). Therefore, 
the following chapters of this thesis aimed at disentangling the interactions within the host-
symbiont-microbiome complex of this parasitic wasp infected with the endosymbiont 
Wolbachia and assess potential fitness consequences for the interacting partners. 

To investigate the interplay between host, remainder microbiome, and the 
endosymbiont Wolbachia I collected new A. japonica wasps in 2017 in Japan (Chapter 3). 
Wasps were sampled from multiple locations in Japan, three locations harbouring uninfected 
sexual reproducing wasps and seven locations harbouring Wolbachia infected, asexual 
reproducing wasps (Fig. 4). The collection of the wasps followed a gradient ranging from 
subtropical to moderate climate conditions, thus enabling investigations of potential 
environmental influences on the interacting partners. In addition, population structure and 
bacterial community composition were determined in these collected wasps to discover 
possible interactions between host and microbiome and whether environmental conditions 
influence these. Finally, as failed reproductive manipulation had only been observed in 
laboratory reared wasps, the new collection provided an opportunity to look for evidence of 
failed reproductive manipulation in the field.  
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Figure 4: Map of Japan showing the collection sites and travel routes by train (green), ferry (blue) and plane 
(red). 

 
 
Next, I investigated changes in the bacterial communities of asexual and sexual wasps 

over time after laboratory introduction in chapter 4. This was done as laboratory introduction 
can profoundly affect microbial communities and hosts, as outlined in chapter 2. The bacterial 
community of multiple samples per wasp line was screened over four consecutive 
generations, starting with the first offspring generation of hatched wasps from the field 
sampling. Examining the changes in the bacterial community over time would help to further 
disentangling further the interactions in our system as changes might be dependent on 
infection status, original bacterial community or host genotype. 

In chapter 5 I followed up by investigating the effect of high temperature on the 
endosymbiont Wolbachia. Effects of increased temperature on the interaction between 
symbiont, host and remainder community were investigated as multiple studies found that 
temperature can affect symbiont density (Hurst et al., 2000; Corbin et al., 2017). For example, 
reduction or elimination of Wolbachia due to high temperature was found for D. 
melanogaster, mites, mosquitoes, and other species (van Opijnen and Breeuwer, 1999; Hurst 
et al., 2000; Corbin et al., 2017; Novakova et al., 2017). In line with this, seasonal changes in 
Wolbachia density were observed in Lepidoptera (Sumi et al., 2017), mosquitoes (Novakova 
et al., 2017) and other blood sucking arthropods (Cohen et al., 2015), and symbionts show a 
general geographical pattern of lower prevalence in warmer regions (Corbin et al., 2017). 
Therefore, it was tested whether Wolbachia titre was affected by short heat shocks and how 
this affected its host and the reminder bacterial community. Moreover, chapter 5 explores if 
short heat shocks can be used to selectively remove Wolbachia to create a method for the 
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full factorial investigation of the three partite interactions in chapter 6.  

In the last experimental chapter, I set out to disentangle the interaction between the 
wasp, symbiont and the remainder microbiome by manipulating each partner separately 
(chapter 6). The A. japonica model system is particularly suitable for testing the interplay 
between the host, Wolbachia and the microbiome. First, both infected and uninfected strains 
can be easily reared in the laboratory. Additionally, Wolbachia-induced reproductive 
manipulation is imperfect (Ma et al., 2015, Fig. 2B), likely caused by complex interactions 
between host genotype, symbiont and remainder microbiome. This variation in thelytoky, i.e. 
failure or imperfect induced phenotype, can easily be quantified by determining offspring sex 
ratios, i.e. screening for males, and can be linked to variation in Wolbachia titre with 
molecular methods (Ma et al., 2015; Reumer, van Alphen, Kraaijeveld, Alphen, & Kraaijeveld, 
2012). Moreover, several methodologies can be applied to manipulate the three partners 
experimentally. First, Wolbachia infection can be altered by either curing infected A. japonica 
with antibiotics or possibly by applying heat shock treatments (chapter 5). Additional, novel 
Wolbachia infections may be created by transinjecting the symbiont in uninfected wasps 
(Yamashita and Takahashi, 2018). The genetic background of the wasp can be manipulated 
via introgression, e.g. by creating sexual females with asexual genomes and vice versa through 
crosses, as the male offspring of cured A. japonica females are viable and capable of 
reproducing (Ma et al., 2015). Lastly, endoparasitoids like A. japonica acquire their 
microbiome primarily through ingestion of their hosts' haemolymph (Brucker & Bordenstein, 
2012b). Therefore, manipulating the microbiome of A. japonica might be possible by altering 
the food source of the wasps. This may be accomplished by providing Drosophila species that 
harbour diverse bacterial communities (Chaplinska et al., 2016) or that have an altered gut 
microbiome through removal of the egg chorion during development (Ridley et al., 2013). 
Combining these techniques allowed me to manipulate each interacting partner individually 
and thus disentangle the interaction between them. 

Finally, in chapter 7, I provide an overall discussion, combining the findings of the 
separate chapters with an outlook on how to further our understanding of the tripartite 
interaction between host, symbiont and remainder microbiome. 
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