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Chapter 7 
Synthesis 
 
 

This thesis investigates the interactions between the endosymbiont Wolbachia, its host 
Asobara japonica, and the remainder microbiome. Asobara japonica (Hymenoptera, 
Braconidae: Alysiinae) is a parasitic wasp of Drosophila larvae and related genera and occurs 
uninfected or infected with the endosymbiont Wolbachia in Japan (Mitsui et al., 2007). 
Asobara japonica has a haplodiploid reproductive system, with unfertilised eggs becoming 
haploid males and fertilised eggs becoming diploid females. Wolbachia infection causes 
asexual reproduction (thelytokous parthenogenesis), leading to an all-female offspring in 
virgin A. japonica (Ma et al., 2015). Infected females, however, sometimes produce male 
offspring indicating failure of the Wolbachia-induced host phenotype manipulation.  

Previous studies found that the effective reproductive manipulation of Wolbachia in A. 
japonica relies on specific thresholds of symbiont abundance (Ma et al., 2015), implying that 
variation in Wolbachia titre can cause the symbiont induced phenotype to fail. The causes for 
this variation in Wolbachia titres are unknown so far. A strong influence of host genetic 
background is unlikely, as clonal reproduction of infected wasps leads to little genetic 
variation. Moreover, wasps reared under controlled, stable laboratory conditions experience 
little variation in environmental factors, which are also unlike to cause variation in Wolbachia 
abundance. Therefore, other factors need to be taken into consideration. One potential factor 
influencing Wolbachia-induced host phenotype manipulation in A. japonica is the interaction 
between Wolbachia and other host-associated microbes. Research in the last decades has 
documented the importance of the whole microbial community within a host for host well-
being and phenotype expression (McFall-Ngai et al., 2013; Sicard et al., 2014). This led to the 
hypothesis that interactions involving the remainder microbiome, i.e. microbe-microbe 
interactions within the host and microbe-symbiont interactions, or both, might be the 
underlying reasons for fluctuations in Wolbachia titre, which lead to variation in symbiont-
induced reproductive manipulation in A. japonica.  

Reviewing the literature on interactions between symbionts, the remainder microbiome, 
and the host in chapter 2, I indeed found strong support 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). This 
strengthened the hypothesis that a failed reproductive manipulation by Wolbachia in A. 
japonica is likely caused by microbe-microbe interactions either directly, via competition for 
resources and space (Goto et al., 2006; Brinker et al., 2019), or indirectly, for example, via the 
induction of a general immune response (Koch and Schmid-Hempel, 2012; Abraham et al., 
2017). Historically, symbiosis research has focused on binary interactions between hosts and 
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individual endosymbionts. Hence, comparatively little is known about interactions between 
microbes within the microbiome and how these interactions impact the host (Deines and 
Bosch, 2016). However, a more holistic approach towards the multitude of interactions is 
needed to understand better the varied mechanisms by which microbes drive animal health, 
development, and evolution (Petersen and Osvatic, 2018). Therefore, the following chapters 
of this thesis disentangle the interactions within the host-symbiont-microbiome complex of 
the parasitic wasp A. japonica infected with the endosymbiont Wolbachia and assess 
potential fitness consequences for the interacting partners. 

As a first step, I collected new A. japonica wasps to investigate the interplay between 
host, remainder microbiome, and the endosymbiont Wolbachia (chapter 3). Wasps were 
collected from multiple locations in Japan in 2017, three locations harbouring uninfected 
wasps and seven locations with Wolbachia infected wasps. Various locations were sampled 
to enhance the chance of including multiple host genetic backgrounds and cover different 
climatic regions. Collecting the wasps along an environmental gradient spanning from 
subtropical to temperate climate conditions allowed testing for potential environmental 
influences on the interacting partners. The field sampling also allowed us to investigate 
whether variation in reproductive manipulation occurs in the wild, as these observations were 
based on wasps that were reared over ten years in the laboratory. The population structure 
of sexual and asexual wasps differed. In total, five genetically distinct populations were 
identified, with each of the three locations harbouring sexual wasps forming a separate 
population, whereas the seven asexual samples clustered into two large populations. The two 
populations of asexual wasps did not correspond to climatic conditions or sampling location. 
Both populations occurred in diverse climatic conditions, and the border between the two 
asexual locations occurred between two geographically close locations with similar climatic 
conditions. This might indicate that the split between the two asexual populations could be 
partially caused by different strains of the endosymbiont Wolbachia in the two populations 
(Fig.1 A-1). However, this remains speculative as the applied 16S rRNA gene sequencing could 
only provide a resolution up to the genus level, and whole-genome sequencing of the 
symbiont will be needed to establish whether multiple types of Wolbachia are the underlying 
cause. Moreover, it was found that the bacterial community of all asexual wasps clustered 
closely together, i.e. was very similar, irrespective of genetic population identity or sampling 
location. 
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Figure 1: Visualisation of correlative indicated and experimentally observed interactions between the partners 
discovered in this thesis. Here I display the interactions between the endosymbiont Wolbachia, the host wasp 
Asobara japonica, and the microbiome, together with interactions of these three partners with environmental 
factors. Arrows represent interactions and point toward a partner or factor that influences another partner or 
factor. Solid lines show experimentally validated interactions, whereas dotted lines represent interactions 
indicated through correlative findings. The thickness of the arrows indicates confidence in the observed 
interaction. Interactions between the three partners are displayed in red, and influences of environmental 
factors in green. Interactions are numbered and shortly described in the bottom right box, indicating the chapter 
where these interactions were found. A) Visualises interactions found in chapter 3. B) adds to these the 
connections found in chapter 4, and C) adds the findings of chapter 6. 
 

In contrast, in uninfected sexual wasps, the bacterial community composition was 
shaped by population structure and sampling location. This indicates that Wolbachia strongly 
affects host bacterial community composition and potentially shapes or stabilises the 
bacterial community, as the bacterial community of asexual wasps was not influenced by 
population background nor climatic conditions in contrast to the bacterial community of 
sexuals which was affected by both (Fig.1 A-2; Herren and McMahon, 2018). Lastly, analyses 
of the field-collected wasps' population structure and bacterial community revealed that the 
symbiont induced phenotype varied under natural conditions. Occasionally failed 
reproductive manipulation was evident from the admixture of a few wasps between the two 
asexual populations at their contact zone. Such admixture is only possible if asexual wasps 
produced males in an earlier generation, which only occurs when Wolbachia-induced 
reproductive manipulation fails. Interestingly, these admixed samples also showed 
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differences in their bacterial community composition compared to other asexual wasps. This 
might suggest that environmental factors, for example, significant changes in prevailing 
climatic conditions, led to either a change in Wolbachia titre with percolating effects on the 
remainder bacterial community or to changes in the bacterial community, which in turn 
affected Wolbachia titre (Fig.1 A-3). Indeed, recent research suggests that fast environmental 
changes due to new or less predictable abiotic and biotic stressors can affect symbiotic 
interactions with potential cascading effects on the population dynamics of a host species and 
the communities in which they are embedded (Pita et al., 2018; Trevathan-Tackett et al., 
2019; Greenspan et al., 2020; Kolodny and Schulenburg, 2020; Duplouy et al., 2021). Among 
the environmental factors that could have caused the Wolbachia-induced host phenotype in 
A. japonica to fail, temperature is a likely candidate, as Wolbachia is known to be sensitive to 
heat (van Opijnen and Breeuwer, 1999; Hurst et al., 2000; Corbin et al., 2017; Sumi et al., 
2017). Indeed, individuals carrying the endosymbiont may be sensitive to environmental 
changes that directly or indirectly affect the symbiont, with potentially far-reaching 
consequences for host fitness and well-being. The overall conclusion of chapter 3 is that there 
is a close interaction between the three partners that can influence the symbiont-induced 
phenotype, as hypothesised in chapter 2. 

To understand the seemingly delicate interactions between the bacterial community and 
Wolbachia and test the potential stabilising and shaping abilities of Wolbachia, changes in the 
bacterial communities of asexual and sexual wasps after laboratory introduction were 
investigated in chapter 4. Laboratory introductions can profoundly affect host-associated 
microbial communities, consequently affecting the host, as outlined in chapter 2. If 
Wolbachia acts as a stabiliser of the host bacterial community, it would be expected that the 
bacterial community of asexual, infected wasps will change differently over time than sexual 
uninfected wasps. The fact that the bacterial community diversity was reduced later in 
asexual than uninfected sexual wasps supported this prediction (Fig.1 B-2). This observed 
reduction of the bacterial community diversity in asexual wasps likely occurred due to an 
observable decrease in the Wolbachia titre in the previous generation. Indeed, Wolbachia 
abundance fluctuated after laboratory introduction, and these fluctuations were significantly 
associated with changes in bacterial community diversity, structure, and assembly over time. 
Additionally, the bacterial community composition of asexual wasps became more similar 
over time, while the community of sexual wasps became more distinct over time. This 
indicates that Wolbachia has the potential to buffer the influence of environmental factors 
affecting the bacterial community of a host (Fig.1 B-3; de Vries et al., 2004; Russell and Moran, 
2006; Ochman et al., 2010; Colman et al., 2012; Ferguson et al., 2018; Duan et al., 2020). How 
the endosymbiont titre reacts to the laboratory introduction depends on the climatic 
conditions of the sample location, as Wolbachia fluctuation differed depending on the wasps' 
origin. Wasps from more tropical locations started with a lower Wolbachia abundance than 
the other infected wasps and showed an increase in Wolbachia over time. In contrast, wasps 
from colder locations decreased Wolbachia prevalence over time. The tropical climate at 
Kagoshima seemed to suppressed the symbiont, and the temperature reduction in the 
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laboratory potentially stopped this suppression. This suggests that Wolbachia in A. japonica 
might be sensitive to higher temperatures, which is in line with general observations (van 
Opijnen and Breeuwer, 1999; Hurst et al., 2000; Corbin et al., 2017; Sumi et al., 2017). This 
also indicates that temperature likely plays a role in Wolbachia's presence and abundance in 
this system, which strengthens the suggestion based on chapter 3, that environmental factors 
influence Wolbachia (Fig.1 B-3). 

Following the findings in chapter 4, I investigated whether high temperatures can affect 
Wolbachia abundance in this system. In chapter 5, I examined whether exposure of A. 
japonica to short heat shocks can remove or reduce Wolbachia abundance. This would show 
that Wolbachia in A. japonica is sensitive to heat but would ideally also provide an alternative 
method to manipulate the symbiont using antibiotics. However, exposure of adult wasps to 
short heat intervals in four consecutive generations did not affect the abundance of 
Wolbachia. This failure to remove or decrease Wolbachia through heat needs further 
evaluation as wasps exposed to the heat treatment and control wasps had exceptionally high 
mortality due to unknown factors. Therefore, a link between high temperature and symbiont 
instability cannot be excluded based on this experiment alone. 

The final chapter 6 set out to disentangle the interactions between the three partners 
experimentally to validate findings from the previous chapters. For this, each partner was 
manipulated separately in experimental settings. First, Wolbachia was controlled by removing 
the symbiont through antibiotics and by creating novel infections in sexual wasps by trans-
injecting the symbiont. The host's genetic background was manipulated by crossing asexual 
and sexual wasps to create introgressed lines. Lastly, the bacterial community of the wasps 
was manipulated by rearing the wasps on novel food sources, including their typical host, D. 
melanogaster, but with a disturbed microbial community. Changes in Wolbachia abundance 
and symbiont-induced host phenotype, the remainder bacterial community, and the host 
well-being and fitness, measured as the reproductive success of manipulated wasps, were 
investigated for all experimental manipulations. Unfortunately, not all manipulations 
succeeded. Novel Wolbachia infections in sexual wasps could not be established through 
trans-injections of Wolbachia. Moreover, introgression only succeeded in one direction, as 
crosses between asexual females and sexual males did not yield any female offspring. The 
successful manipulations resulted in changed bacterial community composition of sexual and 
asexual wasps. Each manipulation resulted in a distinct community indicating that different 
components of the bacterial community were altered. However, bacterial community 
changes did not correlate with changes in Wolbachia abundance or cause changes in wasp 
fitness, apart from antibiotic-treated sexual wasps.  

Several specific results were obtained from the manipulations performed in chapter 6. 
First, sexual wasps treated with antibiotics suffered a fitness loss, likely driven by a substantial 
reduction of bacterial diversity in these wasps. This indicates that the bacterial community 
can influence the host's well-being in A. japonica (Fig.1 C-4). Next, it was observed that the 
bacterial community of introgressed wasps started to diverge after one generation from the 
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bacterial community of their female parents. This suggests a potential influence of host 
genetic background on bacterial community composition (Fig.1 C-5). However, a possible 
paternal microbe transmission causing the bacterial community changes will need to be 
excluded in future experiments to confirm this. Finally, the manipulation of the remainder 
microbial community via novel food sources revealed several interactions between the host, 
Wolbachia, and the remainder bacterial community in A. japonica. Rearing of wasps on novel 
food sources reduced bacterial diversity, mainly in asexual wasps and in one treatment in 
sexual wasps. This indicates a close link between bacterial communities and environmental 
acquired microbes (Fig.1 C-6). Next, it was found that the endosymbiont Wolbachia can be 
acquired from a food source that carries the endosymbiont. Interestingly, not only asexual 
wasps experienced an increase in Wolbachia abundance when reared on food sources with a 
high Wolbachia abundance, but also a few sexual individuals acquired Wolbachia from the 
food source. Indeed, such horizontal transmission of Wolbachia from a food source was found 
in the parasitic wasps Leptopilina boulardi, which acquired the symbiont from its infected 
host, Drosophila simulans (Heath et al., 1999). Thus, establishing a direct connection between 
the food source and the symbiont (Fig. 1 C-3). This suggests a route on how the wasps could 
have acquired the endosymbiont in the first place. Lastly, wasps reared on the standard but 
microbially disturbed D. melanogaster strain as a food source had a low fitness, especially for 
asexual wasps. Some of the asexual wasp individuals in this treatment showed a failed 
Wolbachia-induced host reproductive manipulation, potentially indicating that host fitness 
can affect the symbiont (Fig.1 C-7). However, a reduced fitness did not correlate with changes 
in the bacterial community or with changes in Wolbachia titre. Rearing wasps on microbially 
disturbed D. melanogaster larvae could have caused the loss or gain of a few essential 
bacterial players, which caused the observed effects. Moreover, the treated Drosophila larvae 
could have been a low-quality food source, as Drosophila relies on its microbiome during 
development (Shin et al., 2011; Keebaugh et al., 2018; Qiao et al., 2019). These potential low-
quality larvae might not provide enough energy for developing wasps. Further research in 
which wasps are supplied with different food sources, i.e. larvae differing in their quality, will 
help get further insight into this. Overall, chapter 6 highlighted the complexity of interactions 
between host, symbiont, the remainder microbiome, and environmental factors. The chapter 
found indications that the bacterial community composition can influence host well-being. 
Moreover, it suggests that host genetic background can influence the bacterial community 
and that food source strongly influences both the bacterial community and the symbiont. 
Although the chapter set out to disentangle the interactions, manipulations of each partner 
could only reveal how complex and tightly interconnected these partners are but not 
completely unravel the interactions. Nevertheless, the work provides an important step in 
understanding these three-way interactions in an experimentally tractable system through 
established or suggested methods.  

Overall, the findings of this thesis underpin that symbiont-induced phenotypes are 
executed in close interaction with the host genotype and the remainder microbiome (Fig. 1). 
However, many links are still correlative within the host-symbiont-microbiome complex of 



Chapter	7:	Synthesis	
	

	 132	

the parasitic wasp A. japonica infected with the endosymbiont Wolbachia and will need 
further experimental investigations. Such investigations should again manipulate the three 
partners separately. First, targeting the endosymbiont Wolbachia and its potential ability to 
shape and stabilise the bacterial community of its host is especially of interest as the two 
performed manipulations, Wolbachia removal via heat shocks and the creation of novel 
Wolbachia infections via transinjections, only partly worked. A first important step will be the 
establishment of novel Wolbachia injections, which are stable in the next generations. With 
these novel infections, potential changes in the bacterial community of injected wasps could 
be traced and used to conclude the ability of Wolbachia to shape and stabilise a bacterial 
community. One way for Wolbachia to control a community, either shaping or stabilising, 
would be to either select and/or exclude specific bacteria. Whether Wolbachia can select or 
exclude particular bacteria could be investigated by confronting the symbiont with specific 
bacteria. This could be achieved by conducting feeding experiments with food sources 
containing a specific bacterium or a group of bacteria of interest. Using bacteria with known 
antagonistic interactions with Wolbachia, such as Asaia in mosquitoes (Hughes and Rasgon, 
2014), would be especially interesting. Additionally, it would be worthwhile to investigate the 
identity of Wolbachia in A. japonica further via whole-genome sequencing to establish 
whether multiple types of Wolbachia are present and to examine if adaptations of the 
symbiont occurred during laboratory introduction or after experimental manipulation. Next, 
dissecting the effects of manipulating the remainder microbial community could be further 
facilitated by establishing an in vitro cultivation system, such as shown for Nasonia wasps 
(Shropshire et al., 2016). Such a system would enable studies in which the whole bacterial 
community is known and controlled. Lastly, future studies should try to establish fully 
introgressed individuals from both infected and uninfected wasps to draw more direct 
conclusions about the effects of host genotype. The bacterial community of males and their 
sperm should be included in these investigations to distinguish if changes in the bacterial 
communities are caused by host genetic background changes or paternal bacterial 
transmission (Otti, 2015). Additionally, it would be interesting to investigate the identity of 
Wolbachia in A. japonica further via whole-genome sequencing to establish whether multiple 
types of Wolbachia are present and potentially drive the population structure of asexual 
wasps found in chapter 3. Moreover, whole-genome sequencing would enable investigations 
on potential adaptations of the symbiont during laboratory introduction or generally 
throughout experiments. 

Finally, for all the experiments performed in this thesis, it would be interesting to 
conduct long-term experiments over multiple generations, as treatment effects can 
potentially only show up in following generations, as found in chapter 4. Also, future studies 
should not only investigate which bacteria are present, disappear, or change in abundance 
but also which bacteria are active. This can be achieved via RNA extractions followed by 
sequencing (Jia et al., 2020) or single-cell RNA sequencing (scRNA-seq; Olsen and Baryawno, 
2018). This will help clarifying whether the detected microbes are potentially inactive or only 
contaminants. Overall, such studies will help draw more direct conclusions on the interactions 
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between the three partners, host, symbiont, and the remainder microbiome. That will help 
foster our understanding of how symbionts induce phenotypes. 
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