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Chapter 6 
The tripartite interaction between the endosymbiont 
Wolbachia, the wasp Asobara japonica and its remainder 
bacterial community 

 

Pina Brinker, Joana Falcao Salles, Michael C. Fontaine, Leo W. Beukeboom 

 

 

Abstract 

Symbionts are known to have strong effects on hosts. Recent research suggests that these 
phenotypic effects are not caused by symbionts alone but in interaction with the remainder 
host microbiome, i.e. the collection of all host-associated microbes. We addressed how the 
endosymbiotic bacterium Wolbachia interacts with the bacterial community in its host and 
the host itself, the parasitoid wasp Asobara japonica. We used Wolbachia-infected (asexual) 
and uninfected (sexual) wasps and manipulate the endosymbiont and remainder microbiome 
in both reproductive systems separately. Wolbachia was removed from asexuals through 
antibiotic treatment and introduced in sexuals by transinjection. The role of the host genetic 
background was tested by crossing asexual and sexual wasps to create introgressed lines. 
Lastly, the bacterial community was manipulated by rearing the wasps on novel food sources. 
We assessed the effects of changes in Wolbachia abundance and the remainder bacterial 
community on symbiont-induced host phenotype and host fitness. We found that each 
experiment resulted in a distinct bacterial community, but these changes rarely affected wasp 
fitness or Wolbachia abundance. Wasp fitness was only negatively affected in two 
treatments. In antibiotic-treated sexual wasps, reduced fitness correlated with a change in 
their bacterial community, indicating that the bacterial community composition can influence 
host well-being. The other fitness reduction was found in asexual wasps reared on one of the 
novel food sources (microbial disturbed D. melanogaster larvae). This decrease in fitness did 
not correlate with changes in the bacterial community. However, it led in a few individuals to 
a failed reproductive manipulation of Wolbachia, suggesting an influence of host fitness on 
the symbiont. Lastly, we found that host genetic background can influence the bacterial 
community, as introgressed wasps had altered bacterial communities. We conclude that the 
interactions between host, symbiont and the remainder microbiome are complex and can 
influence symbiont induced phenotypes. This study, therefore, provides an important first 
step to further our understanding of this tripartite interaction.  
  



Chapter	6:	Disentangling	the	tripartite	interaction		
	

	 93	

Introduction 

The overall well-being and expressed phenotype of living organisms are closely connected to 
their microbial community (Moran et al., 2008; McFall-Ngai et al., 2013; Corbin et al., 2017; 
Brinker et al., 2019). In this context, single microbes, so-called symbionts, have been the 
object of intense studies that revealed their potential to affect their hosts through both 
positive (mutualistic, i.e. providing benefits; Brownlie & Johnson, 2009) to negative (parasitic, 
i.e. imposing substantial costs; Ivanov & Littman, 2011) interactions. However, research of 
the last two decades suggests that observed host phenotypic effects are not only asserted by 
symbionts alone but in interaction with the remainder host microbiome, i.e. the collection of 
all host-associated microbes. Thus, interactions between microbe-microbe, host-microbe 
(Sasaki et al., 2002; Ye et al., 2017; Brinker et al., 2019) and host genotype (Jaenike, 2009; 
Brinker et al., 2019; Kolasa et al., 2019; Rennison et al., 2019), lead to a potentially complex 
network of interactions.  

Many factors influence symbiont induced host phenotypes. For example, variation in 
symbiont titre can impair symbiont manipulation (Hurst et al., 2000; Ma et al., 2015), 
potentially due to microbe-microbe interactions where symbiont and the remaining host 
microbiome compete for the limited available resources and space (Kondo et al., 2005; 
Sakurai et al., 2005; Goto et al., 2006; Andersen et al., 2012). Indeed, antagonistic interactions 
between specific symbionts and the remaining microbiome were found to lead to the 
exclusion of symbionts in the American dog tick Dermacentor variabilis (Macaluso et al., 2002) 
and the fruit fly D. melanogaster (Goto et al., 2006). Similar antagonistic interactions were 
found in D. melanogaster where the presence of the endosymbiont Wolbachia led to a 
significant reduction in the diversity of the gut microbiome (Ye et al., 2017). In addition to 
microbe-microbe interactions, the host genotype might also influence symbiont induced host 
phenotypes. It has been reported that a symbiont induced host phenotype can change if 
symbionts are transferred into another closely related host in Lepidoptera (Sasaki et al., 2002) 
and Drosophila species (Jaenike, 2007). Moreover, the Southeast Asian populations of the 
butterfly Hypolimnas bolina can suppress host phenotype manipulation by the symbiont 
Wolbachia, but Polynesian populations do not (Hornett et al., 2006, 2008). Finally, symbionts 
and hosts can also shape the composition of the remainder microbiome, as found in 
Lepidoptera (Johnston and Rolff, 2015), D. melanogaster (Simhadri et al., 2017; Ye et al., 
2017) and the mosquito Aedes aegypti (Audsley et al., 2018). These findings suggest a close 
connection between host genotype and symbiont-induced phenotype, likely caused by their 
interactions with the host microbiome. 

Given the complexity of the interactions, most studies thus far have focused on binary 
interactions between the symbiont and the host, the symbiont and the microbiome or the 
host and the microbiome. However, considering all three partners – host, microbiome and 
symbiont – is essential to fully understand the consequences of their interactions on the host 
fitness (Brinker et al., 2019). Furthermore, the concomitant analyses of the three components 
will contribute to our knowledge of how microbes drive animal health, development, and 
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evolution (Petersen and Osvatic, 2018). This will increase our ability to draw general 
predictions on the future of host-symbiont-microbiome interactions in a changing world.  

We use the parasitic wasp Asobara japonica as a model species to disentangle the 
interactions between host-symbiont-microbiome and to assess the potential impacts of the 
interacting partners on host fitness. A. japonica (Hymenoptera, Braconidae: Alysiinae) is a 
solitary endoparasitoid of Drosophila larvae and related genera. It has natural populations 
that are either uninfected or infected with the endosymbiont Wolbachia (Mitsui et al., 2007). 
Wolbachia infection causes asexual reproduction (thelytokous parthenogenesis) and all-
female offspring (Ma et al., 2015). Uninfected females reproduce sexually with male and 
female offspring. Hence, the A. japonica model system is particularly suitable for investigating 
the interaction between host, presence of a symbiont and the remainder microbiome within 
a single species with two reproductive modes. Moreover, Wolbachia-induced reproductive 
manipulation in this system is imperfect (Ma et al., 2015). Infected females sometimes 
produce sons due to variation in Wolbachia titre (Ma et al., 2015), which can occur under 
stable environmental conditions in the laboratory, suggesting interactions involving the 
remainder microbiome, the host genotype or a combination of both might be the underlying 
reasons. Such variation in inducing thelytoky can be quantified by screening the presence of 
male offspring and linking this to variation in Wolbachia titre with molecular methods 
(Reumer et al., 2012; Ma et al., 2015). In addition, various experimental tools are available to 
manipulate the host, endosymbiont presence and the composition of the remainder 
microbiome. First, Wolbachia can be removed using antibiotics (Dedeine et al., 2001), and 
novel infections can be created by transinjection of thelytoky-inducing Wolbachia (Yamashita 
and Takahashi, 2018). Second, host genetic background can be experimentally manipulated 
by introgression, creating sexual females with asexual genomes by crossing male offspring of 
cured thelytokous females with arrhenotokous females (Ma et al., 2015). This allows testing 
whether microbiome composition depends on asexual and sexual host genetic background. 
Finally, endoparasitoids like A. japonica acquire their microbiome primarily through ingestion 
of their hosts' haemolymph (Brucker and Bordenstein, 2012b). Therefore, manipulating the 
microbiome in A. japonica is likely possible through controlling environmental microbe 
acquisition, such as rearing wasps on diverse food sources.  

To disentangle the interactions within the host-symbiont-microbiome complex involving 
A. japonica, Wolbachia and the remainder microbiome, we separately manipulated each 
partner in this system. We hypothesise that the presence of Wolbachia not only influences 
the host reproductive mode but also affects the composition of the remaining microbiome. 
Reciprocally, we expect that changes in the microbiome composition will also influence 
Wolbachia titre and potentially the Wolbachia-induced host phenotype. We also predict that 
changes in host genetic background will affect the microbial community composition as 
population-specific microbiomes of the wasps occur in this system (chapter 3). Lastly, we 
expect experimental manipulation of the interaction to reduce wasp fitness.  
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Material and methods 

Wasp collection and rearing 
This study used the wasp Asobara japonica as a model to disentangle the interaction between 
the wasp genotype, the endosymbiotic bacterium Wolbachia, and the remainder bacterial 
community. Asobara japonica is a larval parasitoid of various Drosophila species native to 
southeastern Asia. The wasp occurs naturally infected with Wolbachia, causing asexual 
(thelytokous parthenogenetic) reproduction on Japan's main island, and uninfected, 
reproducing sexually on the southern islands of Japan (Mitsui et al., 2007). Wasps from six 
locations (three each from Wolbachia-uninfected and Wolbachia-infected locations, see Fig. 
1) were collected in June 2017.  

 

 
Figure 1: Collection map. Schematic map of Japan showing collection sites of Asobara japonica used to establish 
laboratory lines in this study. Locations with sexual reproducing wasps in the south of Japan are indicated by a 
triangle and locations with asexual reproducing wasps in the north of Japan by a circle. Black ellipses and cycles 
show the locations with similar population identities of wasps inferred from population genetic analyses (see 
chapter 3 of this thesis). 
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The sexual lines were collected from three subtropical islands, each site representing a 
genetically distinct population (Pop 1 to Pop 3). The three asexual lines came from Japan's 
main island and represented two genetically different populations. The most southern 
location Kagoshima, with subtropical conditions, belongs to a separate population (Pop 4) and 
the two northern locations, Kyoto and Sendai, with more temperate conditions, to the same 
genetic population (Pop 5, see chapter 3).  

Unless stated differently within the experimental procedure, rearing procedures for all 
experiments were as follows. To start the experiments, mature (two to three days old) adult 
wasps were taken from the standing wasp cultures and added to plastic Drosophila culture 
tubes with Drosophila melanogaster larvae (ww- line; Groningen) for parasitisation (one 
female / one vial). Before hosting on the second instar of D. melanogaster larvae, wasps were 
fed honey. For the sexual reproducing wasps, one male, if not stated otherwise, was added 
to each tube to secure the mating of females. Wasps were allowed to parasitise for 24 hours 
and afterwards stored at -20°C. Tubes with parasitised D. melanogaster larvae were 
maintained with a 16L:8D cycle at 23°C during light and 21°C during dark. Upon emergence, 
adult offspring were collected in agar tubes and fed with a droplet of honey (Breitsamer 
Honig, Germany) on the tube plug. One mature, adult female wasp per tube was then used 
as a "mother" wasp to start the next generation. For bacterial community analysis, the 
remainder of adult offspring was counted and sexed and frozen at -20°C for bacterial 
community analysis. 
 
Experimental design 
Four experiments were conducted to investigate the tripartite interaction of the 
endosymbiont Wolbachia, the host and the remainder microbiome (schematic overview Fig. 
2). Each experiment was achieved for all six lines unless stated differently. Experiments 1 and 
2 were set out to manipulate Wolbachia by either removing the symbiont (E1: Wolbachia 
removal) or creating novel infections (E2: Wolbachia injection). The third experiment (E3: 
Wasp introgression) targeted the host genetic background by creating introgression lines 
between sexual and asexual wasps. Lastly, in a fourth experiment (E4: Microbiome 
manipulation by feeding), the bacterial community of the wasps was manipulated by hosting 
the wasps on different food sources. Bacterial DNA was extracted from seven samples per 
line in each experimental treatment to investigate the effect on the wasp bacterial 
community. Ten female wasps of the same replicate were pooled to create bacterial DNA 
samples. In addition, 13 randomly selected wasps of each line were used to test wasp fitness 
in each experimental treatment. 
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Figure 2: Schematic overview of conducted experiments. Schematic overview of the experiments carried out 
to investigate interactions in this chapter. In total, four experiments (A) were conducted to manipulate the three 
partners, the endosymbiont Wolbachia (E1 & E2), the wasp Asobara japonica (E3) and the remainder bacterial 
community of the wasp (E4). Each experiment was conducted with three uninfected sexual and three 
Wolbachia-infected asexual lines (B). The effect of the manipulations was investigated in the offspring of the 
treated mothers (G1). Changes in the bacterial community composition and Wolbachia titre were analysed with 
seven replicates per treatment and location. The effect of the treatments on the overall fitness of the wasps was 
tested by measuring the reproductive success of the wasps in 13 replicates per treatment and location. 

 
 

Fitness test 
Wasp fitness was tested with a parasitisation experiment and measured as the number of 
offspring produced by female wasps. Moreover, we screened for male offspring to detect 
whether the experiments caused disturbed or failed reproductive manipulation of 
Wolbachia in asexual wasps. Wasp fitness tests were set up by hosting matured female wasps 
on 100 second instar D. melanogaster larvae, which is the observed maximum number of 
hosts that a single, healthy A. japonica female can parasitise. Fitness was expressed as the 
percentage of emerging wasps compared to the total number of provided hosts. Specifically, 
we determined the total number of possible offspring as the sum of emerging wasps, 
emerging flies and dead pupae, including both dead fly pupae and dead wasp pupae, to 
account for host larvae that may have died during the transfer into the tube. Additionally, 
emerging wasps were sexed to determine offspring sex ratio and occurrence of males in 
asexual wasps.  
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Manipulation of the endosymbiont Wolbachia  

Experiment 1: Removal of the endosymbiont with antibiotics 
Endosymbiont removal in E1 was performed via antibiotic treatment (AT) of 30 female wasps 
of each of the three asexual lines (n=90). Untreated females of these asexual lines were used 
as a control (n=90). Additionally, the antibiotic treatment was applied to 30 females of each 
of the three sexual lines, with 30 untreated wasps of each sexual line serving again as a control 
for the effect of the antibiotic treatment on the entire bacterial community, as antibiotic 
treatment is unlikely only to affect Wolbachia (n=180). The antibiotic treatment (Dedeine et 
al., 2001) consisted of hosting wasps on D. melanogaster larval food containing tetracycline 
(yeast mixture containing 0.6mg/ml tetracycline [Sigma-Aldrich, USA]). After emergence, 
wasps were stored in tubes with honey supply to mature for three days. Thirteen random 
female wasps of each group were used for the fitness test, and the remaining offspring 
were collected, counted, sexed and frozen at -20°C. Seven samples per treatment and line 
(n=84) were subjected to 16S rDNA sequencing to analyse their bacterial community.  
 
E2: Novel Wolbachia infections by injecting sexual wasps  
For creating novel Wolbachia infections, 100 pupae of each of the three sexual lines were 
injected with a Wolbachia extract from the infected, asexual line Kagoshima, which is 
geographically closest to the sexual lines. Four bottles of wasps were set up for each sexual 
line and the Kagoshima line. The culture of the Kagoshima line was started five days prior to 
the sexual lines to obtain adult-matured, asexual wasps at the same time when sexual pupae 
were old enough for injections. This overlap was necessary as the extraction of Wolbachia 
from the asexual wasps needed to be done on the same day as the injections. As a control, 
50 pupae per sexual line were injected with only the injection buffer. Injections were done as 
follows. First, 10-11 day-old pupae from sexual wasps were collected with a soft, wet brush 
and transferred to a thin layer of glue with the dorsal side of the parasitised fly pupa aligned 
on a glass microscope slide. Next, the distal part of the puparium was opened to expose the 
wasp's abdomen using a fine needle. Prepared slides were kept overnight in petri dishes with 
nipagin-containing phosphate-buffered saline (PBS) medium (Table S1) to avoid dehydration 
of the pupae and inhibit fungal growth. The following day pupae were injected with the 
Wolbachia extract. The Wolbachia extract was freshly produced from asexual wasps shortly 
before injections, following the adjusted protocol of Yamashita et al. (2018). Ovaries of 100 
asexual, matured female wasps were dissected using a fine needle attached to a pipette tip 
and placed in a 200µl sucrose-phosphate- glutamate solution (SPG buffer; Ammerman, Beier-
Sexton, & Azad, 2008; Xi & Dobson, 2005; Table S1). Ovaries were homogenised with a self-
made pestle for which a 1000µl pipet tip was heated and pressed into a 1.5ml tube until 
hardened. Then, an additional 800µl SPG buffer was added, and a motorised pestle was used 
for further homogenisation. The homogenate was then filtered through a membrane with a 
pore size of 1.2µm (Pall Cooperation) to remove wasp tissue and centrifuged at 12,000g for 
5min to pellet the Wolbachia. Finally, the supernatant was removed, leaving a pellet in 30µl 



Chapter	6:	Disentangling	the	tripartite	interaction		
	

	 99	

of suspension, which was resuspended by repeated pipetting. Wolbachia presence was 
tested by diagnostic PCR using 2µl of Wolbachia extract and the Wolbachia specific 
primers wsp-81F and wsp-691R (Zhou et al., 1998). The remaining 28μl was mixed with 3µl 
red food colourant (Hanos, the Netherlands) to track the liquid when injecting it into the 
pupae. Pupae were injected in the posterior part, avoiding to damage the ovipositor, with the 
Wolbachia extract or a control solution (coloured SPG buffer) using the Microinjector 
FemtoJet® express (Eppendorf, USA) with Eppendorf Femtotips II (Eppendorf, USA). Petri 
dishes containing the injected pupae were kept at 16L:8D cycle at 23°C during light and 21°C 
during dark hours until emergence.  

After emergence, Wolbachia was injected, and control wasps were collected in 
separate tubes (one tube, one wasp) with honey on the plug and left to mature. After 
three days, virgin wasps were hosted in tubes containing a dried thin layer of the yeast 
mixture and 100 second instar D. melanogaster larvae. This setup was used for the fitness 
test and to produce the next generation for the bacterial community analyses. Wasps 
were allowed to parasitise for 24 hours and afterwards stored at -20°C to check for 
Wolbachia presence. Emerging offspring were counted, sexed and stored at -20°C, except for 
one virgin female per sample, which was used to create a new generation. Samples were only 
subjected to 16S rDNA sequencing as a successful Wolbachia transinjection was detected. 

To check whether a stable Wolbachia infection was established, one virgin female of the 
emerged offspring was hosted and screened for female offspring. After 24 hours of 
parasitising, these wasps were collected and tested for Wolbachia presence using diagnostic 
PCR. Wasps were only subjected to 16S rDNA sequencing if a successful Wolbachia 
transinjection was detected or produced at least one female offspring.  

 
Manipulation of the host genotype 

E3: Introgression lines by crossing asexual and sexual lines  
To investigate the influence of host genetic background on the tripartite interaction between 
Wolbachia, microbiome and the host, the genetic background of asexual wasps was 
introgressed into sexual wasps and vice versa. Two cross schemes were used for five 
generations to create fully introgressed individuals (Ma et al., 2015). First, cured virgin asexual 
females were crossed with virgin sexual males to introgress the genetic background of sexual 
wasps into asexual wasps (cross A). Second, virgin sexual females were crossed with virgin 
asexual males to introgress the genetic background of asexual wasps into sexual wasps (cross 
B). Cured asexual females and males were obtained by treating the prior generation of wasps 
with antibiotics as previously described. We paired each of the three sexual lines with each 
of the three asexual lines, resulting in nine pairings used in both crossing schemes. Each 
pairing was performed with 40 replicates (n=360 per reciprocal cross). As a control, 40 
replicates of each wasp line (sexual and asexual) were hosted (n= 240 per cross). Paired 
females and males were allowed to mate for 48 hours. Mated females were hosted on D. 
melanogaster larvae for 24 hours and subsequently stored at -20°C. After 17 days, tubes 
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were daily checked for emerging male offspring. Male offspring were removed as virgin 
females were needed for the crosses to create the introgression lines. This procedure was 
repeated for five generations. Each generation of offspring was collected, counted, sexed and 
frozen at -20°C, except for 13 randomly selected female wasps used in the fitness test. Seven 
samples per treatment and control of generation one in cross B (n=105) were sent for 16S 
rDNA sequencing to analyse their bacterial communities. The following generations in cross 
B (G2-G5) failed to produce female offspring, as did all generations in cross A. 

 
Manipulation of the microbiome 

E4: Alteration of the bacterial community by rearing wasps on diverse food sources  
Host associated microbial communities were manipulated to investigate the effect of 
bacterial community changes on the host and the symbiont Wolbachia. Wasps of the three 
sexual and three asexual lines were reared on novel food sources. Larvae from three D. 
melanogaster lines known to carry different bacterial communities (STA; St. Andrews 
(Scotland), BRE; Bremen (Germany), BAY; Bayreuth (Germany); Chaplinska, Gerritsma, Dini-
Andreote, Salles, & Wertheim, 2016) and one Drosophila suzukii line (DZ, mixed culture) were 
used. The difference in the bacterial community of the three D. melanogaster lines was 
verified prior to the experiment. As a fifth treatment, wasps were reared on the standard D. 
melanogaster line (ww- Leiden; Netherlands) but with a disturbed microbial community (Ax 
line), achieved through dechorionating of the eggs (following Heys et al., 2018). Wasps reared 
on the standard culture D. melanogaster line ww- served as control. Thirty individuals were 
set up for each of the five treatments and the control (n=180 per line, for all lines: n=1080). 
Wasps were allowed to parasite the larvae for 24 hours and were, after that, stored at -
20°C. Emerging offspring were collected, counted, sexed and frozen at -20°C. A subset of 13 
random females for each treatment was used to test their fitness.  

Effects of the applied treatment on wasp fitness were investigated prior to bacterial 
DNA extraction and 16S rDNA sequencing. As the fitness of wasps reared on the three D. 
melanogaster lines (STA, BRE and BAY) was similar (see Fig. 6D and results), only wasps 
reared on the STA treatment were used to investigate the bacterial community 
composition. Seven samples per treatment (Ax, STA, DZ and control) and line (n=168) were 
subjected to 16S rRNA gene sequencing to analyse their bacterial community. 

 
Bacterial DNA extraction 
Bacterial community composition was established by pooling ten female wasps, as single 
wasps did not yield sufficient amounts of bacterial DNA. Before extraction, samples were 
washed to remove any environmental contamination (1min. in 70% ethanol and 3 x in sterile 
water). DNA was extracted and purified using the DNeasy Power Soil® DNA Isolation Kit, 
following the manufacturer's protocol (Power Soil®, MoBio Laboratories Inc., California, USA) 
expect for the following steps. In deviation from the manufacturer protocol, wasps were snap-
frozen in liquid nitrogen and crushed with a sterile pestle (melted blue pipet tip) in a 1.5ml 
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tube before being added to the homogenisation tubes. For the homogenising step, wasp 
material was homogenised for 15min using a grinder (Kaiser, Germany). After extraction, DNA 
was eluted in 100µl Solution C6 provided by the manufacturer and stored at -20°C for further 
processing. 

Quantified DNA of 357 samples (Nanodrop, Thermo Fisher Scientific, Waltham, MA, 
United States) were sent for Illumina MiSeq sequencing (2x300bp MiSeq, ~40,000 
reads/sample) of the V4 region of the bacterial 16S rRNA gene to the Genomic centre. 
Sequencing was performed at the University of Minnesota using the in-house developed dual-
index method (Gohl et al., 2016).  
 
Bacterial community analyses 
Demultiplexed paired-end reads were processed following the dada2 pipeline v.1.18.0 
(Callahan et al., 2016) in R v.4.0.2 (R Core Team, 2020). First, reads were filtered for errors, 
and the first ten nucleotides were trimmed. Next, forward and reverse reads were truncated 
to 250 and 180 bases, respectively. One sample of the microbiome manipulation experiment 
(Okinawa, control; E4) was removed due to low quality. Sequencing errors were detected by 
estimating error rates with a parametric error model on a subset of data using the learnErrors 
function and visually checked using the plotErrors function. This was followed by merging of 
the reads, and chimaera were removed. Finally, taxonomy was assigned using the pre-trained 
Silva 138 taxonomy classifier (McLaren and Callahan, 2021). An amplicon sequence variants 
(ASV) table and an unrooted neighbour-joining tree were created using the phangorn v.2.7.1 
R package (Schliep, 2011; Schliep et al., 2017). These output files were merged in a phyloseq 
object (R package phyloseq v.1.34; McMurdie & Holmes, 2013). Sequences identified as 
chloroplast, mitochondria, archaea, and uncharacterised reads at the phylum and class level 
were removed from the phyloseq object.  

Next, a subset for each of the three sequenced experiments (E1, E3, and E4) was created. 
All subsets were separately rarefied prior to analyses. These rarefied datasets will be referred 
to as full datasets. From each of the three full datasets, a reduced dataset phyloseq object 
was created in which reads belonging to the genus Wolbachia were removed. Taxa 
abundance of the reduced phyloseq object was normalised following the edgeR method 
(microbiomeSeq v.0.1 R package; Ssekagiri, 2020) prior to ordination analyses. This dataset 
will be referred to as the reduced dataset. 

 
Statistical analyses 
Statistical analyses were performed in R v. 4.0.2 (R Core Team, 2020). All statistical analyses 
comparing patterns in asexual vs sexual lines were run with the full dataset and the reduced 
dataset to infer a potential effect of the high abundance of Wolbachia reads in the asexual 
samples. Model assumptions of (generalised) linear (mixed) models were checked with model 
diagnostic tests and plots implemented in the package DHARMa (v.0.4.4; Hartig, 2021). The 
significance of predictors in (generalised) linear (mixed) models was assessed by comparing 
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the full models to either null (intercept only) or reduced models using likelihood ratio (LR) 
tests. Pairwise comparisons between factor levels of a significant predictor in these models 
were performed using Tukey post-hoc tests adjusting the family-wise error rate according to 
the method of Westfall (package multcomp; Hothorn et al., 2008, 2013). 

Alpha diversity estimates (i.e., ASV number and Shannon diversity) were calculated with 
the phyloseq function "estimate_richness". Diversity estimates were analysed using linear 
mixed-effects models (LMM, R package "lme4", Bates, Mächler, Bolker, & Walker, 2015) with 
treatment (E1: control, AT (tetracycline); E3: asexual, sexual, introgressed; E4: control, AX, DZ, 
or STA) as a fixed predictor and line as a random effect. Variation in community composition 
(beta diversity) among samples was visualised via a principal coordinates analysis (PCoA) 
based on the Bray–Curtis distance dissimilarity matrices created with the phyloseq function 
"ordinate". In addition, the effect of reproductive mode (asexual, sexual), 
treatment/reproduction, and line identity, aka genetic background, were tested by 
performing permutational multivariate analysis of variance using the function "adonis" and 
999 permutations (PERMANOVA, vegan package; Anderson & Willis, 2003; Oksanen et al., 
2016).  

Wolbachia reads were extracted from the data to investigate the effect of treatment on 
endosymbiont abundance. Wolbachia read counts in E1 were analysed with linear models 
(LM) or a Kruskal Wallis ANOVA if the assumptions of the LM were not met (heteroscedasticity 
and/or non-normal error distribution) with treatment as a predictor for sexual and asexual 
wasps over all lines and each line separately. Wolbachia read counts in E3 and E4 were 
analysed via a linear mixed-effects model (LMM, R package "lme4", Bates, Mächler, Bolker, & 
Walker, 2015) with reproduction (asexual, sexual, introgressed) in E3 and food source 
(control, AX, DZ, or STA) in E4 as fixed predictors and line as a random effect for both.  

The fitness of female wasps was assessed by calculating their parasitisation success as 
the proportion of hatched wasps relative to the total number of possible parasitisations (sum 
of hatched D. melanogaster flies, hatched wasps and dead pupae). Progeny sex ratio was 
calculated as the proportion of males to the total number of hatched wasps. Parasitisation 
success was analysed using generalised linear mixed-effects models (GLMM, R package 
"lme4", Bates, Mächler, Bolker, & Walker, 2015). An individual-level random effect was 
included to account for overdispersion in the models. Fitness effects in the Wolbachia 
removal experiment E1 and the proportion of males in E2 were investigated in models with 
binomial errors and treatment (E1: control, AT (antibiotic: Tetracycline); E2: control injected) 
as fixed predictors and line and individual ID as a random effect. In experiments, E2, E3 and 
E4, fitness effects were investigated with a zero-inflated generalised linear mixed-effects 
model (GLMM, R package "glmmTMB", Brooks et al., 2017) with binomial errors and 
treatment (E2: control, injected; E3: sexual, asexual, introgressed; E4: AX, BAY, BRE, DZ, STA, 
ww-) as a fixed predictor as well as line and individual ID as a random effect.  
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Results 

E1: Wolbachia removal 
Changes in diversity of the bacterial communities after antibiotic treatment were investigated 
in three uninfected sexual and three Wolbachia-infected asexual A. japonica lines. A total of 
2,603 microbial taxa were identified among 5,895,811 sequence reads. After rarefaction to 
6,814 reads, 866 taxa remained, and one sample was excluded from the dataset as it 
contained fewer reads than the set threshold (Amami, control). Removal of "Wolbachia" 
reads led to 843 taxa. 

Antibiotic treatment significantly reduced the observed number of amplicon sequence 
variants (ASV) compared to the control for both asexual and sexual wasps (Fig. 3A, Observed, 
sexual: LR-test: χ2 = 13.448, df = 1, p < 0.001; asexual: LR-test: χ2 = 7.275, df = 1, p = 0.007). 
This effect was still present for sexual but not asexual wasps in the reduced dataset, in which 
Wolbachia reads were removed (Fig. S1A, Observed, sexual: LR-test: χ2 = 13.561, df = 1, p < 
0.001; asexual: LR-test: χ2 = 2.181, df = 1, p = 0.139). Shannon diversity in antibiotic treated 
asexual wasps was significantly higher than in control wasps (Fig. 3A, Shannon, asexual: LR-
test: χ2 = 26.454, df = 1, p < 0.001) and in antibiotic treated sexual wasps (Fig. 3A, Shannon, 
sexual: LR-test: χ2 = 15.297, df = 1, p < 0.001). When Wolbachia reads were removed, Shannon 
diversity was again significantly lower for sexual wasps in the antibiotic treatment compared 
to control wasps (Fig. S1A, Shannon, sexual: LR-test: χ2 = 26.261, df = 1, p < 0.001), but not for 
asexual wasps (Fig. S1A, Shannon, sexual: LR-test: χ2 = 1.702, df = 1, p = 0.192). This indicates 
that the effects of the antibiotic treatment on bacterial alpha diversity are more profound in 
sexual wasps, not carrying the endosymbiont Wolbachia. 

The bacterial community composition was significantly affected by antibiotic treatment, 
reproductive mode and their interaction, irrespective of whether Wolbachia reads were 
removed or not (full dataset: adonis: treatment: pseudo-F1,79=29.197, R2=0.215, p = 0.001, 
reproduction: pseudo-F1,79=13.96, R2=0.103, p = 0.001, treatment*reproduction: pseudo-
F1,168=13.532, R2=0.099, p = 0.001; reduced dataset (Wolbachia reads excluded): adonis: 
treatment: pseudo-F1,79=19.013, R2=0.175, p = 0.001, reproduction: pseudo-F1,79=5.615, 
R2=0.052, p = 0.001, treatment*reproduction: pseudo-F1,168=4.922, R2=0.045, p = 0.001). This 
was also evident in the PCoA which showed a clear separation between control and antibiotic 
treatment and between sexual and asexual wasps (Fig. 3B; Fig. S1B of the reduced dataset 
with Wolbachia reads excluded) with treatment explaining 35.7% of the variation (without 
Wolbachia reads: 26.9% of the variation) and reproductive mode explaining 13.3 % of the 
variation (without Wolbachia reads: 14.4% of the variation). 

The number of Wolbachia reads was significantly lower in asexual wasps treated with 
antibiotics compared to controls (Fig. 3C, asexual: Kruskal Wallis test: χ2 = 28.323, df = 1, p < 
0.001), which was true for all three asexual lines tested (Fig. S2, asexual: LM: Kagoshima: F 
1,12=559.5, p<0.001, Kyoto: F 1,12=753.3, p<0.001, Sendai: Kruskal-test: χ2 = 9.036, df = 1, p = 
0.003). Although the number of Wolbachia reads in sexual wasps was orders of magnitude 
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lower compared to asexual wasps, the antibiotic treatment also led to a borderline 
significantly lower number of Wolbachia reads compared to control wasps (Fig. 3C, sexual: 
Kruskal Wallis test: χ2 =3.809, df = 1, p-value = 0.051), with none of the three tested sexual 
lines showing a significant difference between antibiotic treatment and control when tested 
individually (Fig. S2, sexual: Iriomote: LM: F 1,12=0.122, p=0.124, Okinawa: Kruskal-test: χ2 = 
2.367, df = 1, p = 0.124; Amami: LM: F 1,12=3.872, p=0.075). 

 

 
Figure 3: Effects of antibiotic treatment on sexual and asexual wasps in experiment 1 (E1: Wolbachia removal). 
Three Wolbachia-infected, asexual (Sendai, Kyoto, Kagoshima) and three uninfected sexual lines (Amami, 
Okinawa, Kagoshima) were either treated with antibiotics (AT) or remained untreated as control wasps (control). 
A) Alpha diversity as observed ASV number and Shannon diversity of the bacterial community reveals a more 
substantial antibiotic treatment effect in sexual wasps than in asexual wasps. B) Variance of the bacterial 
community composition of Asobara japonica visualised via a Principal Coordinates Analysis (PCoA) ordination 
based on Bray–Curtis distance dissimilarity matrices (beta diversity) reveals an influence of antibiotic treatment 
in both reproductive modes. C) The number of Wolbachia reads in Asobara japonica displayed for the two 
reproductive modes, asexual and sexual, reveals that Wolbachia was successfully removed via antibiotic 
treatment. D) Fitness of antibiotic-treated and control wasps, expressed as reproductive success with total 
offspring proportion on the left and male offspring proportion on the right. These results reveal that antibiotic-
treated sexual wasps experience a reduction in offspring number. Letters above boxes indicate significant 
differences between treatments. 

 

Fitness of offspring from sexual wasps exposed to antibiotic treatment was significantly 
lower than of controls (Fig. 3D, GLMM, LR-test: χ2 = 8.396, df = 1, p = 0.004) whereas no 
noticeable effect was visible in offspring of asexual wasps (Fig. 3D, GLMM, χ2 = 0.946, df = 1, 
p = 0.331). Antibiotic treatment did not affect progeny sex ratio of sexual wasps (Fig.3D, 
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GLMM, LR-test: χ2 = 0.121, df = 1, p = 0.728). Offspring of asexual wasps were all males in the 
tetracycline treatment and all females in the control (Fig. 3D, GLMM, χ2 = 127.27, df = 1, p< 
0.001). Therefore, the removal of Wolbachia via antibiotics did not influence the 
parasitisation success of asexual wasps but caused a fitness reduction for the sexual wasps.  

 
E2: Wolbachia transinjection 
The proportion of hatched wasps was not significantly different between virgin sexual wasps 
injected with Wolbachia and the control (Fig. 4A, GLMM, LR-test: χ2 = 0.0026, df = 1, p = 
0.959). Control female wasps produced all-male offspring as they were virgins. In contrast, 
injected wasps produced sometimes female offspring (Fig. 4B, GLMM, LR-test: χ2 = 9.641, df 
= 1, p = 0.002), with two samples from the Amami line producing an all-female progeny (Fig. 
4B). Female offspring in these fitness tests were screened for the presence of Wolbachia as 
this would show a successful transmission from mother to offspring. No successful 
transmission of Wolbachia was found, and no bacterial community analyses were performed. 
 

 
Figure 4: Effects of novel Wolbachia infections on wasp fitness in experiment 2 (E2: Wolbachia injection). 
Fitness of Wolbachia transinjected wasps and control wasps (injected with injection medium without 
Wolbachia), expressed as reproductive success, either as A) proportion of wasps that hatched based on the total 
number of Drosophila larvae available for parasitisation and B) the proportion of males. Data are shown for the 
three sexual populations (Amami, Okinawa, Kagoshima) of A. japonica that were transinjected. Wolbachia 
transinjection did not influence parasitation success, indicated by ns (not significant) above the bar in the display. 
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E3: Introgression 
Introgressing the asexual genome into sexual wasps and vice versa on the bacterial 
community diversity was investigated using the three sexual and three Wolbachia-infected 
asexual lines. Introgression of the sexual genetic background into asexual wasps (cross A) was 
unsuccessful. Cured virgin asexual females crossed to virgin sexual males produced only male 
offspring. Introgression of the asexual genetic background into sexual wasps (cross B) was 
successful with virgin sexual females crossed to asexual males producing female offspring. 
These female offspring of the first introgression generation (G1) were investigated for 
bacterial community changes. A total of 2,603 microbial taxa were identified among 
5,895,811 sequence reads. After rarefaction to 6,160 reads, 1,181 taxa remained. Three 
samples were excluded from the dataset as they contained fewer reads than the set threshold 
(2 samples of the pairing Iriomote-Sendai, and one of the pairing Iriomote-Kyoto). Removal 
of "Wolbachia" reads led to 1,161 taxa. 

Amplicon sequence variants (ASV) diversity of introgressed wasps did not differ from 
sexual and asexual wasps (Fig. 5A observed: LR-test: χ2 = 1.107, df = 2, p = 0.575). This was 
also the case for the reduced dataset, in which Wolbachia reads were removed (Fig. S2A: 
observed: LR-test: χ2 = 2.557, df = 2, p = 0.278). However, Shannon diversity of introgressed 
wasps was significantly higher than asexual controls and significantly lower than sexual 
controls (Fig. 5A, Shannon: LR-test: χ2 = 28.535, df = 2, p < 0.001; post-hoc Tukey comparisons: 
introgressed vs asexual and asexual vs sexual: p < 0.001, sexual vs introgressed: p = 0.016). 
The removal of Wolbachia reads in the reduced dataset led to an increase of Shannon 
diversity in asexual wasps and with that to a significantly lower Shannon diversity of 
introgressed wasps compared to sexual and asexual wasps (Fig. S3A, Shannon: LR-test: χ2 = 
8.667, df = 2, p = 0.013; post-hoc Tukey comparisons: introgressed vs asexual and introgressed 
vs sexual: p = 0.037, sexual vs asexual: p = 0.969). This indicates an influence of the genetic 
background on alpha diversity of the microbial community composition, which is not 
explained by the presence of Wolbachia.  

Similar to alpha diversity, distinct differences in the community composition were 
evident between introgressed and sexual and asexual control wasps (adonis: pseudo-
F2,101=26.792, R2=0.38, p = 0.001), which was also found in the reduced dataset (adonis: 
pseudo-F2,101=12.017, R2=0.184, p = 0.001). The PCoA separated the asexual, sexual and 
introgressed wasps, explaining 29.9% of the variation (Fig. 5B). This became less distinct after 
the removal of Wolbachia but still explained 18.2% of the variation (Fig. S3B). A clear 
separation between asexual and introgressed wasps along the first axis and a less distinct 
separation between sexual and introgressed wasps along the second axis were visible (Fig. 
5B). The latter became more distinct after removing Wolbachia reads (Fig. S3B). This indicates 
that introgressed wasps still harbour a similar bacterial community to their sexual mothers, 
which, however, started to change due to the introgression of asexual alleles.  

The number of Wolbachia reads was significantly higher in female offspring of control 
asexual wasps compared to female offspring of control sexual wasps and introgressed wasps, 
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the latter two not differing from each other (Fig. 5C, LR-test: χ2 = 38.561, df = 2, p < 0.001; 
post-hoc Tukey comparisons: introgressed vs asexual and introgressed vs sexual: p < 0.001, 
sexual vs introgressed: p = 0.209). This pattern was consistent irrespective of the identity of 
the asexual background (Kagoshima, Kyoto, Sendai) that was crossed into sexual wasps 
(Iriomote, Okinawa, or Amami; Fig. S4A, B, C).  

 

 
Figure 5: Effects of introgression of the two reproductive modes on the crossed wasps in experiment 3 (E3: 
Wasp introgression). Displayed are the results on introgressed A. japonica wasps, sexual mothers and asexual 
fathers (crossing B) and the control, sexual (Amami, Okinawa, Kagoshima) and asexual lines (Sendai, Kyoto, 
Kagoshima). A) Alpha diversity, as observed ASV number and Shannon diversity of the bacterial community, 
indicates reductions in alpha diversity of introgressed wasps. B) Variance of the bacterial community 
composition of Asobara japonica visualised via a Principal Coordinates Analysis (PCoA) ordination based on 
Bray–Curtis distance dissimilarity matrices showing changes in beta diversity due to introgression. C) Number of 
Wolbachia reads of Asobara japonica displayed for the two reproductive modes, asexual and sexual, and 
introgressed wasps indicate that bacterial community changes of introgressed wasps are not caused by the 
introduction of Wolbachia. D) Fitness of introgressed and control wasps, expressed as reproductive success, with 
total offspring proportion on the left and male offspring proportion on the right, suggests that introgression 
does not influence the parasitisation success. Letters above boxes indicate significant and "ns" non-significant 
differences between treatments. 

 

The fitness of introgressed wasps in terms of parasitisation success was significantly 
higher than that of asexual wasps but lower, although not significantly, than the fitness of 
sexual wasps (Fig. 5D, GLMM, LR-test: χ2 = 10.808, df = 2, p < 0.004; post-hoc Tukey 
comparisons: introgressed vs asexual and asexual vs sexual: p < 0.001, sexual vs introgressed: 
p = 0.175). Both sexual and introgressed wasps produced an equally high proportion of males, 
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whereas asexual wasps produced an all-female offspring (Fig. 5D, GLMM, LR-test: χ2 = 74.201, 
df = 2, p < 0.001; post-hoc Tukey comparisons: introgressed vs asexual and asexual vs sexual: 
p < 0.001, sexual vs introgressed: p = 0.15). This indicates that changes in the bacterial 
community, or other changes caused by introgression after one generation, do not influence 
the wasp's fitness. 

 
E4: Microbiome manipulation 
The effect of different food sources on the diversity of the bacterial communities was 
investigated in the three sexual lines and three Wolbachia-infected asexual lines. A total of 
2,603 microbial taxa were identified among 5,895,811 sequence reads. After rarefaction to 
2,706 reads, 1,631 taxa remained, and three samples were excluded from the data as they 
contained fewer reads than the set threshold (one sample each from the lines of Okinawa, 
Kyoto, and Sendai; all from the St. Andrews D. melanogaster line (STA) treatment). Removal 
of "Wolbachia" reads led to 1,608 taxa. 

Two of the different host lines represented a novel food source for the wasps, the D. 
melanogaster (STA) and D. suzukii (DZ) line, and one represented the standard food source 
but with a disturbed microbiome (Ax). As a control, wasps were reared on the standard food 
source (control). Sexual wasps showed no differences between the treatments in the 
observed ASV number (Fig. 6A observed; LR-Test, χ2 = 0.976, df =3, p = 0.807). However, the 
observed ASV number of asexual wasps differed significantly between the food sources (Fig. 
6A, observed; LR-Test, χ2 = 14.521, df =3, p = 0.002) with asexual wasps reared on D. suzukii 
showing a significantly lower number of species compared to the other treatments and the 
control (post-hoc Tukey comparisons: DZ vs Ax, DZ vs control, and DZ vs STA: all p < 0.009, all 
other comparisons: p > 0.05). The reduced dataset in which Wolbachia was removed revealed 
the same pattern (Fig. S5A observed; sexuals: LR-Test, χ2 = 0.864, df =3, p = 0.834; asexuals: 
LR-Test, χ2 = 15.05, df =3, p = 0.002; post-hoc Tukey comparisons: DZ vs. Ax, DZ vs control, 
and DZ vs. STA: all p < 0.007, all other comparisons: p > 0.05). In contrast to ASV number, 
Shannon diversity was significantly affected by food source for both asexual and sexual wasps 
(Fig. 6A, Shannon, sexuals: LR-Test, χ2 = 20.086, df = 3, p < 0.001; asexuals: LR-Test, χ2 = 23.094, 
df =3, p < 0.001). Sexual wasps reared on D. suzukii showed a significantly lower Shannon 
diversity compared to wasps reared on control D. melanogaster larvae line (ww-), on 
microbially disturbed D. melanogaster larvae, and on larvae of D. melanogaster line STA (post-
hoc Tukey comparisons: DZ vs Ax, DZ vs control, and DZ vs STA: all p < 0.025, all other 
comparisons: p > 0.05). Asexual wasps reared on D. melanogaster line STA and D. suzukii 
showed a lower Shannon diversity than wasps reared on control D. melanogaster line ww- 
(post-hoc Tukey comparisons: DZ vs control: p=0.016 and STA vs control: p < 0.001). Asexual 
wasps reared on STA also showed a lower Shannon diversity than wasps reared on microbially 
disturbed D. melanogaster larvae (post-hoc Tukey comparisons: STA vs Ax, and STA vs Ax: p < 
0.016, all other comparisons: p > 0.05). The same was found in the reduced dataset, in which 
Wolbachia reads were removed (Fig. S5A, Shannon: sexuals: LR-Test, χ2 = 13.23, df =3, p = 
0.04; post-hoc Tukey comparisons: DZ vs. Ax, DZ vs. control, and DZ vs STA: p < 0.042, all other 
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comparisons: p > 0.05; asexuals: LR-Test, χ2 = 22.068, df =3, p < 0.001; post-hoc Tukey 
comparisons: control vs. Ax: p = 0.939, all other comparisons: p < 0.016). Overall, we found 
that hosting wasps on a novel food source, either D. melanogaster line (STA) or D. suzukii, 
reduces the alpha diversity of wasps. 

Food source together with reproductive mode and their interaction significantly affected 
bacterial community composition (adonis: food source: pseudo-F3,168=13.727, R2=0.12, p = 
0.001, reproduction: pseudo-F1,168=122.354, R2=0.356, p = 0.001, food source*reproduction: 
pseudo-F3,168=4.195, R2=0.037, p = 0.001). This was also found in the reduced dataset in which 
Wolbachia reads were removed (adonis: food source: pseudo-F3,168=13.949, R2=0.167, p = 
0.001, reproduction: pseudo-F1,168=28.086, R2=0.112, p = 0.001, food source*reproduction: 
pseudo-F3,168=4.469, R2=0.053, p = 0.001). The PCoA separated sexual and asexual wasps 
along the first axis, explaining 41.1% of the variation (Fig. 6B). This observation was less 
distinct but still present in the reduced dataset, with the first axis explaining now 21% of the 
variation (Fig. S5B). Additionally, a distinction between food sources was visible along the 
second axis, explaining 12.7% of the variation for both reproductive modes, and was also 
found in the reduced dataset, with food sources now explaining 11.3% of the variation (Fig. 
S5B). This indicates that microbe acquisition from the food source strongly affected the 
bacterial community composition 

Feeding on the D. melanogaster line STA led to a significant increase in the number of 
Wolbachia reads in asexual wasps (Fig. 6C, LR-test: χ2 = 17.767, df = 3, p < 0.001) compared to 
wasps reared on the control D. melanogaster larvae line (ww-), or other treatments, i.e. 
microbially disturbed D. melanogaster larvae and Drosophila suzukii larvae (post-hoc Tukey 
comparisons: STA vs control, STA vs DZ, STA vs Ax: p < 0.027, all other comparisons: p > 0.05). 
In sexual wasps, the number of Wolbachia reads was very low compared to asexual wasps 
and was not affected by the food source sexual wasps were reared on (Kruskal Wallis ANOVA: 
χ2 = 7.376, df =3, p = 0.061). 

The parasitation success and thus the fitness of sexual and asexual wasps was strongly 
dependent upon their food source (Fig. 6D, sexual: GLMM, LR-test: χ2 = 22.307, df = 5, p < 
0.001; asexual: GLMM, LR-test: χ2 = 47.773, df = 5, p < 0.001). Rearing on microbially disturbed 
D. melanogaster larvae led to a reduced offspring number in both reproductive modes (post-
hoc Tukey comparisons, sexuals and asexuals; Ax vs all other groups: p < 0.042 for all 
comparisons). For asexual wasps, parasitisation success on control D. melanogaster larvae 
(ww-) was also somewhat lower than on line BAY and Drosophila suzukii (post-hoc Tukey 
comparisons, ww- vs BAY: p = 0.002, ww- vs DZ: p < 0.001). Asexual wasps almost exclusively 
produced females irrespective of the rearing food source (Fig. 6D, GLMM, LR-test: χ2 = 0.543, 
df = 5, p = 0.995). Interestingly, four samples among all treatments produced male offspring, 
indicating an effect of food source on the symbiont induced phenotype. Two asexual wasps 
reared on the Drosophila lines BAY and BRE produced 13 % male offspring, and two wasps 
reared on the microbiome disturbed Drosophila larvae produced male offspring, one 100% 
and the other 25% males. Sexual wasps produced all-male offspring with varying sex ratios 
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depending on the food source. Sexual wasps reared on STA had the highest proportion of 
males, with a mean of 80% males, whereas wasps reared on the other Drosophila lines 
produced approximately 50% males per clutch (Fig. 6D, GLMM, LR-test: χ2 = 20.677, df = 5, p 
< 0.001; post-hoc Tukey comparisons: BRE vs Ax, STA vs BAY, ww- vs BAY: p < 0.026, all other 
comparisons: p > 0.05). 

 

 
Figure 6: Effects of changes in the bacterial community on sexual and asexual wasps in experiment 4 (E4: 
Microbiome manipulation by feeding). Displayed are the results of three Wolbachia-infected, asexual (Sendai, 
Kyoto, Kagoshima) and three uninfected sexual lines (Amami, Okinawa, Kagoshima) reared on different food 
sources. Three novel food sources were used -- STA: larvae of a Drosophila melanogaster line originating from 
St. Andrews; DZ: larvae of D. suzukii and Ax: microbially disturbed D. melanogaster larvae obtained through 
dechorination of eggs from the ww- line -- to manipulate the bacterial community. As a control, wasps were 
reared on the ww- D. melanogaster line, their usual food source. A) Alpha diversity, as observed ASV number 
and Shannon diversity of the bacterial community, is decreased through hosting on a different D. melanogaster 
line (STA) or D. suzukii. B) Variance of the bacterial community composition of Asobara japonica visualised via a 
Principal Coordinates Analysis (PCoA) ordination based on Bray–Curtis distance dissimilarity matrices (beta 
diversity) indicates an influence of food source on the bacterial community composition. C) Number of 
Wolbachia reads of A. japonica displayed for the two reproductive modes, asexual and sexual, shows that rearing 
on the STA D. melanogaster line increases Wolbachia in asexual wasps. D) Fitness of A. japonica wasps reared 
on five novel food sources (two additional D. melanogaster lines, Bre: Bremen and Bay: Bayreuth, both from 
Germany) is expressed as reproductive success with total offspring proportion on the left and male offspring 
proportion on the right. Wasps reared on the microbial disturbed D. melanogaster larvae (Ax) showed a 
decreased reproductive success. Letters above boxes indicate significant and "ns" non-significant differences 
between treatments. 
 
 
Main findings 
Overall, all experimental manipulations affected the bacterial communities in terms of 
diversity, composition, and abundance. Each treatment showed a distinct change in bacterial 
community composition (Fig. 7A; adonis: treatment of each Experiment: pseudo-
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F7,298=37.139, R2=0.346, p = 0.001, reproduction: pseudo-F1,298=15.938, R2=0.148, p = 0.001, 
treatment of each Experiment *reproduction: pseudo-F5,298=5.766, R2=0.053, p = 0.001).  
 

 
Figure 7: Each experimental manipulation causes a distinct bacterial community composition. The variance of 
the bacterial community composition of A. japonica from all experimental manipulations to investigate tripartite 
interactions. Displayed are three Wolbachia-infected, asexual (Sendai, Kyoto, Kagoshima) and three uninfected 
sexual lines (Amami, Okinawa, Kagoshima). Bacterial community compositions are visualised via a Principal 
Coordinates Analysis (PCoA) ordination based on Bray–Curtis distance dissimilarity matrices. Colours 
represented the different treatments for each experiment and their respective controls. Shapes represent the 
reproductive modes. A) shows the beta diversity of all treatments. Graphs B), C), and D) highlight the different 
experiments by only displaying data from the respective experiment in colour. B) displays beta diversity of the 
Wolbachia removal experiment (E1). C) displays beta diversity of the introgression experiment (E3). Lastly, D) 
displays beta diversity of the microbiome manipulation experiment (E4). 

 

Wolbachia titre was rarely affected when not directly targeted. Apart from the 
Wolbachia removal experiment (E1), only the microbiome manipulation experiment (E4), in 
which asexual wasps feeding on the D. melanogaster line STA, led to a significant increase in 
the number of Wolbachia reads (E4; Fig. 6C, LR-test: χ2 = 17.767, df = 3, p < 0.001). Similar to 
the number of Wolbachia reads, the treatments rarely influenced wasp's fitness. However, a 
reduction in fitness was found in antibiotic-treated sexual wasps (E1; Fig. 3D, GLMM, LR-test: 
χ2 = 8.396, df = 1, p = 0.004) and wasps fed on microbiome disturbed D. melanogaster larvae 
(E4; Fig. 6D, sexual: GLMM, LR-test: χ2 = 22.307, df = 5, p < 0.001; asexual: GLMM, LR-test: χ2 

= 47.773, df = 5, p < 0.001). A schematic summary of the results of all experiments can be 
found in Figure 8.  
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Figure 8: Schematic summary of results of experimental manipulations. Schematic overview of obtained, 
generalised results investigating the tripartite interactions in this chapter. In total, four experiments were 
conducted to manipulate A), the endosymbiont Wolbachia (E1 & E2), the wasp Asobara japonica (E3) and the 
remainder bacterial community of the wasp (E4). Each experiment was conducted with three sexual and three 
asexual lines infected with Wolbachia. Failed methods are highlighted in black and labelled as failed (in red). B) 
Displayed are the results of the analyses investigating the bacterial community, including changes in the ASV 
number and community composition (under Microbiome), changes in Wolbachia titre (under Wolbachia) and 
the effect on the reproductive success of treated wasps, the fitness measurement (under Fitness) for the 
reproductive modes separately. Arrows indicate a significant change, with downwards arrows representing a 
decrease and upward arrows an increase. The equal sign is used when no significant change was detected. Arrow 
size indicates if a change is stronger in one of the reproductive modes. In Experiment 4, results depended upon 
applied treatment. Differing treatments are mentioned under the arrows. Wasps feeding on the microbially 
disturbed D. melanogaster treatment (Ax) did not experience a reduction in the bacterial ASV diversity. 
However, only wasps in this treatment experienced a decrease in fitness. Wolbachia increases were only 
detected in asexuals when reared on the D. melanogaster line St. Andrews (STA) and in sexual wasps when 
reared on D. suzukii. 
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Discussion 

In this study we investigated the interaction between the wasp Asobara japonica, its 
endosymbiont Wolbachia and the remainder bacterial community by manipulating each party 
separately. For each manipulation, we measured associated changes in the other parties in 
terms of bacterial community composition, Wolbachia abundance and A. japonica 
parasitisation success as a measure of fitness. We found that experimental manipulations of 
each party resulted in a change in the wasp bacterial community composition but that this 
change was rarely associated with a change in abundance of the endosymbiont Wolbachia 
nor with a change in the wasps' fitness.  

 
Wolbachia removal affects bacterial community composition and fitness of sexual but not 
asexual wasps 
The antibiotic treatment successfully removed Wolbachia from asexual wasps but did not 
influence the diversity of the remainder bacterial community, contrary to what we observed 
for sexual wasps. Both sexual and asexual wasps showed a clear shift in their bacterial 
community composition upon antibiotic treatment. Such a shift is not unexpected, as the 
antibiotic tetracycline used in this study is known to affect a broad range of microbes 
(Grossman, 2016, Mu & Zhu, 2019). The observed shift in bacterial community composition 
of treated asexual wasps needs further investigation, as the changes could have been caused 
by the removal of Wolbachia or by a combination of the effects of the antibiotic on the 
remainder bacterial community and the absence of the endosymbiont. Indeed, the 
endosymbiont Wolbachia is known to strongly influence and maintain bacterial communities 
of their hosts, as found in fruit flies (Simhadri et al., 2017), the small brown planthopper (Duan 
et al., 2020), and artificially infected mosquito adults (Audsley et al., 2018). Moreover, it has 
been suggested that Wolbachia potentially acts as a bacterial community stabiliser (Herren 
and McMahon, 2018). Indeed, Wolbachia in A. japonica seems to be able to control the 
bacterial community of its host, as asexual wasps were observed to have a delayed change of 
their bacterial community after laboratory introduction (chapter 4 of this thesis). Other 
approaches to removing the endosymbiont (outlined in chapter 5) and creating novel 
infections, either by transinjections (E2) or feeding experiments, will help distinguish which 
factor caused the shift in bacterial community composition of antibiotic-treated asexual 
wasps. 

Interestingly, only the fitness of treated sexual wasps was affected (reduction in 
offspring number, i.e., parasitisation success) upon antibiotic treatment, indicating that 
antibiotic treatment and a concurrently changed bacterial community structure and diversity 
negatively affect fitness in sexual wasps. Although asexual wasps showed no reduction in their 
offspring number upon antibiotic treatment, they may still suffer a loss of fitness. Treated 
asexual wasps produce only male offspring, which will most likely not be able to mate with 
asexual females (Kremer et al., 2009) or, if mating occurs, fertilise eggs (Adachi-Hagimori and 
Miura, 2020). However, whether mating and the production of offspring with asexual females 
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is truly absent in nature needs to be verified as we found indications that successful mating 
rarely occurs in asexual wasps collected from the city of Kyoto (chapter 3). Moreover, crosses 
between sexual females and asexual males in the introgression experiment (E3) showed no 
reduction in offspring number compared to control sexual wasps. This indicates that males 
from asexual lines are capable of normal reproduction. However, additional fitness 
parameters, such as survival or body size, would need to be investigated to fully establish the 
effect of Wolbachia removal via antibiotic treatment on asexual wasps. 

 
Wolbachia transinjection can influence the reproductive system but is not stably 
maintained in offspring 
The de novo infection of sexual wasps with Wolbachia in E2 was successful, as confirmed by 
the reproductive manipulation where a few virgins injected wasps produced female offspring. 
This suggests that a high enough number of Wolbachia was injected to surpass the two 
needed thresholds, i.e. diploidisation followed by the feminisation of eggs (Ma et al., 2015). 
However, females developing from these eggs, i.e. female offspring of injected wasps, only 
produced male offspring without mating. Moreover, a diagnostic PCR for Wolbachia could not 
detect the symbiont in the female offspring of transinjected sexual wasps. Both observations 
indicated that although transinjection of Wolbachia was able to manipulate unmated sexual 
wasps into producing female offspring, the endosymbiont was not passed on to the next 
generation. Multiple reasons could account for this result. First, it might be that Wolbachia 
could not establish within the germline of the offspring from injected wasps and was 
therefore not transmitted to their eggs. Here, it might be that either continuous injections 
are required until the symbiont can establish itself or that an earlier stage of the host needs 
to be targeted for injection, as injections during the egg state were able to establish successful 
infection in various insects (Hughes and Rasgon, 2014). On the other hand, it could be that 
Wolbachia was successfully transmitted to the eggs, but that antagonistic interaction with 
other microbes hindered the establishment of the bacterium due to within-host microbe 
interactions (Rock et al., 2018). Antagonistic interactions between Wolbachia and other 
microbes, either within the eggs or later in development, can lead to a suppressed growth of 
Wolbachia, such as found in artificially infected Anopheles mosquitoes (Hughes et al., 2014) 
and wild Anopheles mosquitoes. Here vertical Wolbachia transmission was blocked through 
antagonistic microbe-microbe interactions between the bacterium Asaia and Wolbachia 
(Hughes et al., 2014). Lastly, it could be that the establishment of Wolbachia was suppressed 
by the host, as found in butterflies (Mitsuhashi et al., 2011). Further investigations, including 
experiments in which wasp generations will be repeatedly injected, earlier injected, or fed 
with Wolbachia, will help disentangle why the endosymbiont did not permanently establish 
in the injected sexual wasps. 
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Manipulation of the host genome influences the bacterial community, but not the fitness 
of introgressed wasps  
To study the effect of genetic background on Wolbachia and the remainder bacterial 
community, we attempted to establish introgressed lines between wasps of the two 
reproductive modes. However, pairings of asexual, antibiotic-treated females with sexual 
males failed, as no female offspring were produced. This indicates the existence of a barrier 
leading to reproductive isolation between asexual females and sexual males. Reproductive 
isolation may involve several different mechanisms and falls broadly into two categories: pre-
zygotic before mating and post-zygotic after mating (Beukeboom et al., 2015; König et al., 
2019). Mating might be hindered due to a behavioural barrier caused by the endosymbiont. 
Wolbachia can negatively influence mating behaviour, as found in spider mites (Vala et al., 
2004) and the wasp Muscidifurax uniraptor (Gottlieb and Zchori-Fein, 2001). This is, however, 
unlikely as qualitative observations of mating during the experiment did not indicate apparent 
changes in behaviour, i.e., the sexual males mounted the asexual, antibiotic-treated females. 
However, these observations do not exclude that either no sperm or less sperm was 
transmitted during mating, and therefore, the fertilisation of eggs was unsuccessful. 
Moreover, even if sperm was successfully transmitted, it might not have fertilised the eggs, 
as observed in aphids where sperm was successfully transferred, but unknown factors 
hindered the fertilisation (Zchori-Fein et al., 1995). It is known that Wolbachia can influence 
the morphology of reproductive organs, e.g., spermatheca duct length in crickets (Marshall, 
2007), potentially causing sperm of sexual A. japonica males to fail to reach the eggs of 
asexual females. Alternatively, the sperm of sexual males might have either died or become 
less viable through antagonistic interactions between the female microbiome and the male 
sperm microbiome. Such antagonistic interactions can influence motility and morphology 
during sperm transmission (Baud et al., 2019). Finally, the bacterial community could have 
caused a failure of successful hybridisation (Miller et al., 2021). Future studies will have to 
investigate the underlying reasons for the failure to produce successful crosses between 
asexual females and sexual males.  

Crosses of sexual virgin females with asexual males, produced through antibiotic 
treatment of asexual females, successfully led to the production of female offspring. 
However, this success was limited to the first generation (G1), as the following generations 
(G2-G5) produced only very few females. This again indicates reproductive isolation and 
suggests an effect of population identity, as pairs made with wasps from the population of 
Okinawa (chapter 3) came out especially poorly.  

Although bacterial community analyses could be conducted only in samples of the first 
generation due to the low sample size of the following generations, we observed a clear 
influence of the genetic background on the bacterial community composition, as introgressed 
wasps diverge from the bacterial communities of their mothers, i.e., their original genetic 
background, confirming previous findings supporting the link between host genome and 
microbiome (Jaenike, 2009; Kolasa et al., 2019; Rennison et al., 2019; van Veelen et al., 2020). 
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Although we cannot exclude the exchange of microbes during mating, either through body 
contact or sperm (Otti, 2015; Bellinvia et al., 2020), the fact that the bacterial communities of 
introgressed wasps did not converge towards the community of asexuals suggests otherwise. 
Further investigation, including the bacterial community of males and sperm, will help answer 
if microbes were transmitted during mating. Furthermore, experiments that try to overcome 
potential reproductive isolation between sexual and asexual wasps and include multiple 
introgressed generations will help to understand the interaction between host genotype and 
microbes. Despite the shifts in community composition, the fitness of the introgressed wasps 
was not affected by the starting hybridisation, as introgressed wasps produced similar 
numbers of offspring as the sexual wasps. 

Manipulation of food sources can change the bacterial community and create novel 
Wolbachia infections  
Manipulation of the bacterial community through the rearing of wasps on either novel food 
sources, the D. melanogaster line STA and a D. suzukii line, or on the common D. 
melanogaster line ww- but with a disturbed microbial community (Heys et al., 2018), revealed 
a strong influence on the wasp associated bacterial community. Each novel food source led 
to a distinct bacterial community in diet-altered wasps compared to wasps reared on the 
standard host line. In contrast, wasps reared on the microbiome disturbed larvae showed no 
deviation from the control. This suggests that the bacterial community of A. japonica is 
susceptible to changes if wasps are reared on novel food sources, likely due to the acquisition 
of new microbes acquired through their larval hosts as food (Colman et al., 2012; Luo et al., 
2021; Ochman et al., 2010).  

Rearing of wasps on D. suzukii and the D. melanogaster line STA, which both carry the 
endosymbiont Wolbachia, changed the overall bacterial community and increased the 
abundance of Wolbachia reads in the wasps, mainly in asexual wasps but also in three sexual 
individuals, likely through the acquisition of the symbiont from their food source. Indeed, 
host-parasitoid interactions have been reported to foster the interspecific transmission of 
Wolbachia in the parasitic wasp Leptopilina boulardi (Heath et al., 1999), Trichogramma 
wasps (Huigens et al., 2004), and chestnut gall wasps (Hou and Li, 2020). This indicates that 
food sources are a potential source of Wolbachia infection in A. japonica and suggests that 
novel Wolbachia infections could be achieved by rearing sexual wasps on Drosophila flies 
carrying a high number of Wolbachia. 

Changes in the bacterial community composition of wasps reared on novel food sources 
were not reflected by changes in their fitness, i.e., reproductive success (offspring number) 
or an altered sex ratio (male percentage). Only wasps reared on the microbiome disturbed 
larvae showed a lowered fitness in the form of a reduced parasitisation success, which did 
not correlate with substantial changes in the bacterial communities of the wasps. This 
suggests that consequences of the induced microbiome changes in the Drosophila larvae led 
to far-reaching effects on the wasps and potentially the endosymbiont Wolbachia reared on 
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them. These effects on the wasps could have been caused by the loss of essential microbes, 
of highly interconnected hub species (Agler et al., 2016), or the acquisition (Ferreyra et al., 
2014) or increase (Daisley et al., 2020) of potentially pathogenic microbes in the Drosophila 
larvae. Moreover, microbial changes through dechorination could have led to smaller, or less 
nutritious larvae, as Drosophila larvae rely on their microbial community during development 
(Romoli et al., 2021). This, in turn, might have negatively affected various traits of the wasps, 
such as developmental time, longevity, mortality rate and fecundity (Sampaio et al., 2008; 
Kant et al., 2012). Finally, the disturbed bacterial communities could have led to increased 
immunity activity within the Drosophila larvae (Levy et al., 2017; Daisley et al., 2020), forcing 
wasps within these larvae to invest more resources to survive and grow (Romoli et al., 2021) 
and thus ultimately negatively affected wasp adult fitness (Chaplinska et al., 2016). 

Interestingly, alteration of the bacterial community through novel food sources was the 
only manipulation that affected the Wolbachia induced host phenotype, aka asexual 
reproduction, as it led to male offspring in three asexual wasps. A reduction in titre of the 
endosymbiont Wolbachia could potentially explain this occurrence of male offspring, as the 
reproductive manipulation relies on specific thresholds for Wolbachia abundance (Ma et al., 
2015). However, wasps reared on the microbiome disturbed larvae did not show a significant 
reduction in Wolbachia abundance. This potentially suggests that changes in the bacterial 
communities influenced the capability of the endosymbiont to maintain its reproductive 
manipulation, thus providing the first evidence for the proposed shared influence of the 
remainder microbiome and Wolbachia on a symbiont induced phenotype in this system 
(Brinker et al., 2019). However, it remains to be established whether these few samples were 
simply outliers or were the first of many more in the following generations. Further 
investigations, including rearing wasps on various degrees of quality host larvae and other 
microbiome disturbed Drosophila lines, will help to disentangle what the changes of the 
symbiont phenotype caused.  
 
Overall patterns  

Bacterial community composition changes irrespective of which player (host, microbiome 
or symbiont) was manipulated 
We found that most treatments led to substantial changes in the bacterial communities of 
the wasps. Interestingly, each manipulation created a unique change in the bacterial 
community, indicating an effect on specific community components in terms of loss or gain 
of bacterial species and their abundance. The antibiotic treatment to remove Wolbachia 
indicated that the loss of specific bacteria caused the observed changes, as the treatment led 
to similar sexual and asexual wasps communities. The similarity in bacterial communities of 
both reproductive modes could be due to a shared core microbiome (Neu et al., 2021), which 
is revealed after the influence of Wolbachia on the bacterial community stopped (Herren and 
McMahon, 2018). However, as wasps from both reproductive modes differed from their 
respective control (untreated wasps), it is more likely that the antibiotic treatment partially 
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or entirely caused this effect, leaving a reduced and uniform community (Grossman, 2016). 
Manipulating the host genetic background suggested that changes in the community were 
likely driven by changes in bacterial abundance (Oyserman et al., 2021) and not by bacterial 
removal or replacement, as the bacterial community of introgressed wasps remained 
relatively similar to its maternal community. However, removal and replacement cannot be 
entirely excluded, and further investigations are needed. For example, the microbiome 
manipulation experiment (E4) showed that bacteria acquisition through food sources is a 
strong driver for changes in the bacterial community. However, it is not clear whether these 
acquired microbes can influence microbe-microbe or host-microbe interactions, as gained 
bacteria could be transient, only passing through the host until excretion (Hammer et al., 
2017). Investigations targeting only active microbes, such as through RNA extractions and not 
DNA extractions, could help to clarify this. 
 
The endosymbiont Wolbachia was rarely affected by experimental manipulation 
The number of Wolbachia reads itself was rarely affected by the experimental manipulations, 
apart from the first experiment (E1), which targeted the removal of the symbiont through 
antibiotics and the fourth experiment (E4), which targeted changing the bacterial 
communities through the rearing of wasps on different food sources. Concordantly, the 
Wolbachia induced host phenotype was rarely affected by our experimental manipulations. 
Multiple reasons might account for this, including resilience of the endosymbiont as 
established hub species (Herren and McMahon, 2018) that maintains in control (Simhadri et 
al., 2017) or belated effects of experimental manipulations in following generations, as seen 
in chapter 4. Further investigations, including multiple generations, will help to reveal 
potential delayed effects on the symbiont.  
 
Fitness effects rarely correlated with changes in bacterial communities and never with 
Wolbachia presence and/or abundance 
In general, untreated asexual wasps produced fewer viable offspring than untreated sexual 
wasps, which is in line with other studies (Liu et al., 2018; Zhou et al., 2021). In treated wasps, 
observed changes in bacterial communities and Wolbachia did not correlate with changes in 
the wasp's fitness. Only two of the applied treatments of all experiments affected the 
measured fitness. Sexual wasps treated with antibiotics in the Wolbachia removal experiment 
(E1) showed a reduction in offspring number, in line with their drastically changed bacterial 
community. However, no other applied treatment with similar strong effects on the bacterial 
community showed a concordantly decreased wasp fitness. The only other treatment that 
negatively affected fitness was the rearing of wasps on larvae with a disturbed bacterial 
community which was not correlated with strong changes in the wasps' overall bacterial 
community. Moreover, two out of 13 tested asexual wasps in this treatment had a changed 
host phenotype and produced male offspring. Multiple factors could have influenced these 
effects, such as the loss of one or multiple hub species, low quality of the food source or a 
high energy investment of the wasps during development due to upregulated immune 
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activities within the host.  
 

Conclusion 
Overall, we found indications for close interaction between the remainder bacterial 
community, the host genome and the endosymbiont Wolbachia, mainly manifested in this 
study through changes in the bacterial community composition. Moreover, we found that 
manipulation of the bacterial community affected the Wolbachia induced host phenotype in 
a few individuals. This supports the hypothesis that symbiont-induced host phenotypes are 
caused not only by the symbiont but also by interaction with the host and the remainder 
microbiome (Brinker et al., 2019). However, our experimental manipulations rarely affected 
the abundance of Wolbachia, the Wolbachia induced host phenotype (asexual reproduction) 
and the fitness of wasps. Further research, including multiple generations of manipulated 
wasps and measuring additional wasp fitness traits, is needed to unmask if Wolbachia and 
wasp fitness are affected by our experimental manipulations and if the effects of 
experimental manipulations will only be revealed after multiple generations of treatment. 
Moreover, the successful establishment of novel Wolbachia infections and fully introgressed 
wasps will help to deepen our understanding of this highly interconnected system.  
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Supplementary information for chapter 6 
 
This supplement includes  
 
Tables S1 
 
Figures S1 to S5 

 

Tables 
Table S1: Preparation of media used in the Wolbachia transinjection experiment (E2) in which three sexual 
populations (Amami, Okinawa, Kagoshima) of A. japonica were transinjected with a Wolbachia extract. The PBS 
buffer was used to create petri dishes on which pupae for injections were aligned. The SPG buffer was used as 
buffer in which the extracted Wolbachia were kept (Xi et al. 2005, Ammerman, Beier-Sexton and Azad, 2008). 

 

 

 

 

 
 
 

Preparation of agar/PBS petri dishes used in the microinjection experiment E2
1x PBS:

Gram Reagent

8 NaCl

0.2 KCL

1.44 Na2HPO4      

0.24 KH2PO4

15 Agar

In 1L MilliQ -> autoclave

After cooling down: add 1,3 g Nipagin (=Methyl parahydroxybenzoate) in 13 ml 96% ethanol

Plate out in petri dishes, store at 4°C until use.

SPG buffer for Wolbachia  extract used in the microinjection experiment E2
SPG buffer:

Gram Reagent

3.73 Sucrose

0.03 KH2PO4

0.06 K2HPO4

0.05 Potassium Glutamate

In 50mL MiliQ with a pH of 7,2. 

The buffer was stored at 4°C
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Figures 
 

 
Figure S1: (E1: Wolbachia removal) Effects of antibiotic treatment on sexual and asexual wasps of the reduced 
dataset excluding Wolbachia reads. Investigated were three Wolbachia-infected, asexual (Sendai, Kyoto, 
Kagoshima) and three uninfected sexual lines (Amami, Okinawa, Kagoshima) treated with antibiotics (TE) and 
untreated control wasps (control). A) shows alpha diversity as observed ASV number and Shannon diversity of 
the bacterial community. Antibiotic treatment affects the alpha diversity of sexual wasps stronger than asexual 
wasps. B) displays the variance of the bacterial community composition of Asobara japonica visualised via a 
Principal Coordinates Analysis (PCoA) ordination based on Bray–Curtis distance dissimilarity matrices. Beta 
diversity is influenced by the antibiotic treatment in both reproductive treatments. 
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Figure S2: (E1: Wolbachia removal) Effects of antibiotic treatment on sexual and asexual wasps of the reduced 
dataset excluding Wolbachia reads. Investigated were three Wolbachia-infected, asexual lines (Sendai, Kyoto, 
Kagoshima) and three uninfected sexual lines (Amami, Okinawa, Kagoshima) treated with antibiotics (TE) and 
untreated control wasps (control). The number of Wolbachia reads in Asobara japonica is displayed for the three 
sexual (Amami, Okinawa, Kagoshima) and three asexual (Sendai, Kyoto, Kagoshima) lines separately reveals that 
Wolbachia was successfully removed via antibiotic treatment. 
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Figure S3: (E3: Wasp introgression) Effects of introgression of the two reproductive modes on the crossed 
wasps. Investigated were introgressed A. japonica wasps, sexual mothers and asexual fathers (crossing B) and 
the control, sexual (Amami, Okinawa, Kagoshima) and asexual populations (Sendai, Kyoto, Kagoshima). 
Dispalyed is the reduced dataset excluding Wolbachia reads. A) shows alpha diversity as observed ASV number 
and Shannon diversity of the bacterial community. Introgression reduces alpha diversity. B) displays the variance 
of the bacterial community composition of Asobara japonica visualised via a Principal Coordinates Analysis 
(PCoA) ordination based on Bray–Curtis distance dissimilarity matrices. Introgression changes beta diversity. 
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Figure S4: (E3: Wasp introgression) Wolbachia reads of introgressed A. japonica. Displayed are introgressed 
wasps of a crossing between the parental generation of sexual mothers and asexual fathers (crossing B) and the 
control, sexual (Amami, Okinawa, Kagoshima) and asexual (Sendai, Kyoto, Kagoshima) lines. Plot A), B), and C) 
are subsets of the paternal crossings displaying the 9 pairings between sexual mothers and asexual fathers. Each 
subset contains the maternal, sexual line, the three paternal asexual lines used in the crossings and the retained 
crossings between sexuals and asexuals. A) displays crossings with the maternal line Iriomote, B) with Okinawa, 
and C) with Amami. 
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Figure S5: (E4: Microbiome manipulation by feeding) Effects of changes of the bacterial community on sexual 
and asexual wasps. Investigated were three Wolbachia-infected, asexual (Sendai, Kyoto, Kagoshima) and three 
uninfected sexual lines (Amami, Okinawa, Kagoshima) feed on different food sources. Displayed is the reduced 
dataset excluding Wolbachia reads. Three novel food sources were used - STA: larvae of a Drosophila 
melanogaster line originating from St. Andrews; DZ: larvae of Drosophila suzukii and Ax: microbially disturbed 
D. melanogaster larvae obtained through dechorination of eggs from the ww line - to manipulate the bacterial 
community. As a control, wasps were reared on the ww D. melanogaster line, their usual food source. A) shows 
alpha diversity as observed ASV number and Shannon diversity of the bacterial community. B) displays the 
variance of the bacterial community composition of Asobara japonica visualised via a Principal Coordinates 
Analysis (PCoA) ordination based on Bray–Curtis distance dissimilarity matrices. Beta diversity is influenced by 
the food source of wasp
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