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Chapter 5 
A short heat treatment does not impact Wolbachia 
infection in the parasitic wasp Asobara japonica  

Marjan Kraaij*, Pina Brinker*, Meghna Basu, Michael C. Fontaine, Joana Falcao Salles, Leo 
W. Beukeboom 

Abstract 
Symbionts are important modulators of host phenotype. One way to investigate symbiotic 
interactions is to remove the symbiont via antibiotic treatment. However, antibiotic 
treatment may eliminate a broad range of microbes and might thus influence research 
findings, as phenotypes caused by symbionts are likely also shaped by interactions with other 
microbes present in a host, the microbiome. Here we investigate whether the application of 
heat shock represents a good alternative for removing symbionts without influencing the 
remaining part of the microbiome. We used the parasitoid Asobara japonica to test if a heat 
shock treatment can remove the endosymbiont Wolbachia over the course of four 
generations. Wolbachia causes asexual reproduction in this haplodiploid wasp leading to all-
female offspring. Removal or reduction of Wolbachia below a certain threshold causes male 
offspring. We compare the effect of heat shock to the effect of antibiotic treatment on 
bacterial community composition. Heat shock treatment failed to remove the Wolbachia, 
with male offspring occurring only rarely and with no detectable change in Wolbachia 
presence or abundance in offspring. Antibiotic treatment eliminated Wolbachia but also 
altered the microbial community. We conclude that alternative methods are needed to 
distinguish between effects attributable to the disappearance of the symbiont and effects 
attributable to the removal method itself in studies of insect microbiome interactions. 

* Authors contributed equally
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Introduction 

Symbionts are important modulators of host phenotype and thus provide heritable variation 
upon which natural selection can act (Moran et al., 2008; Oliver et al., 2010; Corbin et al., 
2017). One common way of investigating host-symbiont interaction is the removal of the 
symbiont via antibiotic treatment (Dobson and Rattanadechakul, 2001). Although this 
method is highly effective in removing the symbiont, it harbours the major disadvantage that 
most antibiotics are not specific, but eliminate a broad range of microbes (Weiss et al., 2013). 
For example, the commonly used antibiotic tetracycline is well known for its broad-spectrum 
activity, killing a wide range of Gram-positive and -negative bacteria, spirochetes, obligate 
intracellular bacteria, as well as protozoan parasites (Grossman, 2016). 

Host phenotypes are not only shaped by interactions with their symbionts but also by 
interactions between other microbes in the host, collectively called the microbiome (Brinker 
et al., 2019). Cross-communication between microbes can yield various phenotypic outcomes 
for the host. For example, the same symbiont can confer different phenotypes depending on 
the host it resides in (Werren et al., 2008). Hence, unforeseen effects of antibiotic treatments 
on non-target microbes within the microbiome could significantly impact a host's well-being 
and phenotype (McFall-Ngai et al., 2013). This effect can manifest itself not only in the treated 
generation but also in following generations (Ballard and Melvin, 2007).  

In order to investigate the effects of symbionts, one needs to disentangle the effects 
caused by the symbiont from those of the remainder of the microbiome. This requires the 
development of alternative, more selective methods for removing symbionts. Such methods 
could then further be combined with general antibiotics in a stepwise fashion, allowing 
researchers to address the effects of eliminating (i) the symbiont alone without changes in 
the remaining microbiome, (ii) the microbiome but leaving the symbiont intact, or (iii) both 
at the same time.  

One potentially more selective method of removing symbionts is high temperature. 
Symbionts appear to be sensitive to increases in temperature (van Opijnen and Breeuwer, 
1999; Hurst et al., 2000; Corbin et al., 2017; Sumi et al., 2017) and show a general geographical 
pattern of lower prevalence in warmer regions (Corbin et al., 2017). Indeed, temperature 
changes can potentially alter the host-symbiont relationship (Russell and Moran, 2006; Jia et 
al., 2009; Su et al., 2014) and eliminate symbionts from a host microbiome (Jia et al., 2009). 
Experimental heat exposure was able to eliminate Wolbachia in two-spotted spider mites 

(van Opijnen and Breeuwer, 1999) and a green stinkbug (Kikuchi et al., 2016) and symbiont 
reduction in response to increased temperatures was found in coral reefs (Goulet and Goulet, 
2021). Heat can also activate prophages in the bacterial genome. Activated prophages 
become lytic by inactivating a repressor of the lytic pathway (Rokney et al., 2008) and, 
through this, have the potential to act in a species-specific manner. Heat treatment can thus 
be considered a promising, more specific alternative for antibiotic–based symbiont removals. 
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Here we investigate whether it is possible to remove symbionts selectively from a host 
using a heat shock treatment, i.e. a short exposure of the host to heat. A heat shock rather 
than a prolonged temperature increase was chosen, as prolonged rearing of hosts at high, 
suboptimal temperatures increases their mortality (Prado et al., 2010). We use the 
haplodiploid parasitic wasp Asobara japonica as a model system. A. japonica is naturally 
infected with the endosymbiont Wolbachia causing asexual reproduction (thelytokous 
parthenogenesis; Kremer et al., 2009). Infected females lay unfertilised eggs, which develop 
into diploid daughters rather than haploid sons (Ma et al., 2015). This is a two-step 
mechanism in which a specific titre of Wolbachia is needed to first cause a diploidisation 
of haploid unfertilised eggs, followed by a second threshold of Wolbachia to cause 
feminisation (Ma et al., 2015). Upon removal of Wolbachia, cured wasps will produce only 
male offspring, which can be visually quantified and linked to a reduction in Wolbachia titre. 
Thus, Wolbachia removal can easily be detected in this system by scoring the occurrence of 
male offspring. Moreover, molecular methods exist to quantify Wolbachia removal (Ma et al., 
2015; Reumer, van Alphen, & Kraaijeveld, 2012).  

We tested whether heat shocks over multiple generations can remove the Wolbachia 
endosymbiont from the A. japonica host using samples collected in five locations in Japan (Fig. 
1), representing two distinct populations. We compared the effects of the successful 
symbiont removal via heat shock to an antibiotic treatment in relation to host phenotype 
expression (sex ratio) and host bacterial composition. We predict that (i) short heat shocks 
can eliminate Wolbachia from our host A. japonica and cause a subsequent alteration of its 
phenotype; (ii) that the heat treatment will have only a minor impact on the remaining 
bacterial community of the host compared to the antibiotic treatment.  

Material & Methods 

Wasp strains and culturing 
Asobara japonica wasps were collected from five locations, representing two genetically 
distinct populations, on Japan's main island in 2017 (Fig. 1, see chapter 3) and cultured in the 
laboratory under the following general conditions. Mature (two to three days old) adult wasps 
were provided with Drosophila melanogaster larvae (ww- strain; Groningen) for parasitisation 
(one female / one vial). After 24 hours, these "mother" wasps were collected, snap-frozen in 
liquid nitrogen and stored at -80°C. Vials with parasitised host larvae were maintained under 
a 16L:8D cycle of 23°C during light and 21°C during dark. Development of A. japonica to 
adulthood takes 19 to 22 days under these conditions. Upon emergence, adult wasp offspring 
were collected in agar tubes and fed with a droplet of honey (Breitsamer Honig, Germany) on 
the vial plug. One mature, adult female wasp per vial was then used to start the next 
generation. The remainder adult offspring was frozen at -20°C for further analysis. 



Chapter	5:	Wolbachia	and	heat	

80	

Figure 1: Schematic map of Japan showing collection sites of Asobara japonica collected in this study. Black 
ellipses show the population identity of wasps collected from the location inferred from population genetic 
analyses in chapter 3 of this thesis.  

Experimental setup & evaluation of treatment success 
For the heat shock (HS) treatment, matured adult wasps were heat shocked by placing 
individuals singly in PCR tubes for 30min at 37°C in a PCR machine (Veriti® 96-Well Thermal 
Cycler, Applied Biosystems, USA) before adding them to vials with D. melanogaster larvae for 
parasitisation. This treatment was repeated over four generations resulting in four "mother" 
and four "offspring" generations (Fig. 2). As a control, wasps of the same lines were cultured 
simultaneously under the same conditions as HS treated wasps but without exposing them to 
the heat shock treatment. HS and control treatments were started with a maximum of 85 
replicates and a minimum of 60 replicates for each of the five wasp locations (Fig. 1), 
depending on the availability of mature adult wasps in each generation (Table S1). The 
number of replicates was chosen based on a pilot study, which suggested a potential high 
mortality of HS treated wasps. This pilot study also served as a guideline for the temperature 
regime and the number of generations needed to remove Wolbachia successfully via heat 
shock treatment. 
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Figure 2: Experimental design for removing Wolbachia. A randomly chosen female wasp (red squares) was 
either treated with a heat shock (HS, flash symbol) or cultured without manipulation (control) and used as a 
mother for the next generation (G0 to G3). A random female of the control group was treated with 
antibiotics (pill symbol) at generation three. Figure adjusted from Marjan Kraaij's graduation report (2019). 

In generation three, an antibiotic treatment (AB) was added to the experimental setup 
to compare the effects of the heat shock treatment on the bacterial community (Fig. 2; Table 
S1). Adult wasps from the control group (CO) were treated with antibiotics by mixing 
tetracycline (yeast, containing 0.6 mg/ml tetracycline (Sigma-Aldrich, USA) in the food of their 
D. melanogaster host larvae following the procedure of Dedeine et al. (2001). Removal of 
Wolbachia with antibiotics is effective within only one generation (Ma et al., 2015).

Offspring of each replicate were screened for the occurrence of males in each 
treatment and generation, as males are produced following a decrease or removal of 
Wolbachia (Ma et al., 2015). Wolbachia presence and abundance were checked via 
molecular methods irrespective of whether males occurred or not. At generation four 
presence of Wolbachia was checked in individual offspring of a subset of replicates (n=4) for 
each of the three treatments (HS, CO, AB) from three lines (Kobe, Kanazawa, Sendai, total 
n=36) via diagnostic PCR. Wolbachia abundance was checked via qPCR in individual 
offspring of two replicates of the same locations for each treatment (n=18). Additionally, 
DNA of two samples from the line Kobe and Kanazawa was extracted (n=4), in which male 
offspring occurred at generation three or four, using the sisters of those males (SM). DNA 
of individual females was extracted using a high salt extraction method (Aljanabi and 
Martinez, 1997). Finally, we determined the bacterial community composition in a subset 
containing seven replicates per treatment (HS, AB and CO, n=21) and in sisters of males (n=7) 
by extracting bacterial DNA from females at generation four (HS, AB, control) and at 
generation three and four for sisters of males. 
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DNA extraction 
To determine Wolbachia presence and abundance, frozen wasps (whole bodies) were 
homogenised in 400µl sterile salt buffer containing 0.4M NaCl, 10mM Tris-HCl pH 8.0 and 
2mM EDTA with a motorised pestle. For breaking down proteins, 40µl of 20% sodium 
dodecyl sulphate (SDS) and 8.5µl 10mg/ml proteinase K (Boom B.V. Meppel, the 
Netherlands) was added to the samples. Samples were vortexed at full speed (VX-200 
Vortex Mixer, Labnet International Inc.) and incubated at 55°C for 2 hours in a 
thermomixer (300rpm, Eppendorf Thermomixer Compact, Sigma, USA), after which 
190µl of 6M NaCl was added to each sample. Samples were then vortexed at full speed 
for 30s and centrifuged for 30min at 15,000rpm. The resulting supernatant was 
transferred to a new tube, and 750µl of ice-cold absolute isopropanol was added to the 
pellet for DNA precipitation, mixed well and incubated at -20°C for 1h. Samples were 
centrifuged for 30min at 15,000rpm, and the supernatant was removed. The pellet was 
washed with 500µl 70% ethanol, vortexed, centrifuged for 5min at 15,000rpm, and the 
supernatant was again removed. This wash step was repeated with 250µl 70% Ethanol. 
Pellets were vacuum dried by rotary evaporation in an Eppendorf concentrator 5301 for 
approximately 15min at 45°C. The pellets were dissolved in 30µl sterile MQ water, and 
the DNA concentration was quantified using a Nanodrop 2000 spectrophotometer 
(Thermo Scientific). Samples were diluted to concentrations of ~10ng/µl for 
amplification. 

To determine the bacterial community composition in treated and control wasps, 
bacterial DNA from single wasps was extracted and purified with the DNeasy Power Soil® 
DNA Isolation Kit (Power Soil®, MoBio Laboratories Inc., California, United States) 
following the manufacturer's protocol. For extraction, ten individuals were pooled and 
washed (1min. in 70% ethanol and 3 x in sterile water) to eliminate environmental 
contaminants such as food or other culture residuals. After drying, wasps were snap 
frozen in liquid nitrogen, crushed with a sterile pestle and then homogenised for cell 
disruption in a homogenisation machine (B. Braun 853022; B. Braun Melsungen AG, 
Germany) for 15min. Centrifugation steps were performed with an Eppendorf centrifuge 
(Minispin, Eppendorf AG, Hamburg, Germany). DNA was eluted in Solution C6 (provided 
in the kit) and stored at -20°C for further microbiome analysis. 

Detection of Wolbachia presence and abundance 
Wolbachia presence was determined using diagnostic PCR using the Wolbachia specific 
primer wsp-81F and wsp-691R (Zhou et al., 1998) (Table S2). A PCR was performed in a 
total volume of 20µl, containing: 1.25x PCR reaction buffer [Tris/HCl, 100mM; KCl, 
500mM; MgCl2, 15mM; pH 8.3] (Roche), 0.25mM dNTPs (Promega, #U1240), 1.25U Taq 
polymerase (Roche), 0.5µM forward and reverse primer each, 2.0µl ~10ng/µl DNA 
template and MQ water. A Veriti® 96- Well Thermal Cycler was used for all diagnostic 
PCRs. PCR conditions for the wsp gene, according to Simões et al. (2011), were as follows: 
2min at 94°C, then followed by 35 cycles consisting of 1min at 94°C; 1min at 55°C and 
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1min at 72°C; and 10min at 72°C with a final cooling down at 20°C. The presence of the 
wsp gene was visualised by running the PCR products with loading dye (6× Orange DNA 
Loading dye, Fermentas) on a 1.0% agarose gel, stained with 0.376µg/ml ethidium 
bromide (Thermo-Scientific). A 1Kb DNA ladder (Fermentas) and 100bp DNA ladder 
(Generuler, Thermo-Scientific) were used for DNA size identification. Electrophoresis was 
performed at 100V for 30 minutes in 0.5X TAE buffer [2 mM Tris-Acetate pH 8.3; 0.5mM 
EDTA], and images of the gels were obtained with a UV transilluminator (Geneflash, 
Syngene Bio Imaging). The occurrence of bands was used to determine the presence and 
absence of Wolbachia. The band intensity of PCR product on the gel was used as a 
qualitative assessment of the level of Wolbachia abundance.  

In addition to Wolbachia presence, Wolbachia abundance was measured with a 
quantitative polymerase chain reaction (qPCR), using primers targeting the Wolbachia 
specific BamA gene (Table S2; BamA_wLcla and ef1a_dna_ajap; Chen F. unpublished 
data, Groningen University). The elongation factor 1 alpha (EF1α) was used as a reference 
gene for normalisation of the DNA levels between different samples. Two technical 
replicates were performed for each sample. Reactions were prepared with 1x PerfeCTa 
SYBR Green FastMix ROX (Quanta Biosciences, USA), 0.25µM of each primer (BamA or 
EF1α, Table S2), 5µL of ~10ng/µl DNA template and MQ to a final of 20µl. The Real-Time 
qPCR was run on an ABI 7300 Real-Time PCR System (Applied Biosystems, USA) with the 
following program. First, 1 cycle of denaturation at 95°C for 3min, followed by 45 cycles 
of amplification consisting of 15s at 95°C, 30s at 56°C, 30s at 72°C, where the fluorescence 
was automatically measured during PCR and one four-segment cycle of dissociation (15s 
at 95°C; 60s at 60°C; 15s at 95°C; 15s at 60°C). Results were introduced into LinRegPCR 
software (version 2018.0) to correct the baseline and calculate PCR efficiency. The 
expression of genes was normalised (N0) as a ratio between the cycle quantification (Cq) 
threshold and the mean efficiency for the amplicon (Emean) and the cycle threshold (Ct). 
With the N0 values, the relative expression (Re) of the BamA gene was calculated 
and then further analysed.  

Microbial community composition via 16S PRC and DGGE analysis 
16S PCR and denaturing gradient gel electrophoresis (DGGE) were performed to compare 
bacterial community compositions and screen our treatments' overall impact on the bacterial 
community. PCR primers F968GC (Zoetendal et al., 1998) and R1401- 1b (Brons and van Elsas, 
2008) (Table S2) were used to amplify the variable bacterial 16S rDNA segment from 
nucleotide 968 to nucleotide 1401. PCR amplifications were performed in a total volume of 
50µl as follows: 1x NEBuffer 4 (Cat.# B7004S, New England Biolabs), 3.75mM MgCl2, 0.01 x 
formamide, 0.02mg/ml BSA (Roche), 0.2µM of forward and reverse primer, 0.08mM dNTP’s, 
0.05U Taq polymerase. After the addition of 10ng of template DNA, samples were amplified 
using the following PCR program: pre-denaturation of double-stranded DNA for 5min at 94°C; 
35 cycles each consisting of 1min at 94°C, 1min at 60°C, and 2min at 72°C; 20 cycles each 
consisting of 1min at 94°C and 1min at 55°C; and a final extension for 5min at 72°C. 
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Amplification products were separated with DGGE by running a 9% polyacrylamide gel 
containing a formamide gradient from 45% to 65%. To create this gradient, two denaturing 
solutions were made in volumes of 27.5ml, consisting of 0.5x TAE pH 8.3, 9% acrylamide, 
either 45% or 65% urea formamide, 14µl Tetramethylethylenediamine (TEMED, Sigma-
Aldrich), and 80µl 20% ammonium persulfate (APS). Denaturating gels were solidified for 1h. 
Stacking gel (10ml) was prepared with 0.5x TAE pH 8.3, 9% acrylamide, 14µl TEMED and 50µl 
20% APS and solidified for 30min. Wells were loaded with equal amounts of DNA, mixed 10:1 
with loading dye [65% (w/v) sucrose; 10mM Tris PH 7.5; 0.25% bromophenol blue; 0.25% 
xylene cyanol FF (Sigma-Aldrich)]. A 1-Kb DNA digest was run in the first and last slot of the 
gel for alignment and comparison between samples. Electrophoresis was performed in 0.5x 
TAE at 100V at 60°C for 16 h using an INGENYphorU System (Ingeny International BV, Goes, 
The Netherlands). After electrophoresis, the gel was stained in 10ml 0.5x TAE buffer with 3.5µl 
SYBR Gold (Invitrogen, Breda, The Netherlands) for 1h in the dark. Images were obtained with 
a UV transilluminator. Gel patterns were analysed with GelCompar II software (Applied 
Maths, Sint-MartensLatem, Belgium). Gel patterns, number of bands and their brightness 
were detected with GelCompar II software (Applied Maths, Sint-MartensLatem, Belgium). A 
matrix containing these values was created and used for analysis. The potential effect of 
treatment was investigated by comparing changes in diversity, e.g., number of bands 
(richness) and abundance, brightness of bands, with a high brightness indicating a high 
amount. 

Statistical analysis 
All statistical analyses were performed in R (version 3.6.0, R Core Team, 2021). 
Differences in Wolbachia abundance expressed as the relative expression of the 
Wolbachia specific BamA gene between treated (HS + AB) and control wasps were 
analysed in a two-way ANOVA using treatment, location, and their interaction as 
predictors. Model assumptions, i.e. normal distribution of residuals and homogeneous 
variances, were tested with the Shapiro–Wilks Test and the Fligner-Test, respectively.  

Differences in bacterial community composition and abundance between 
treatments were compared with permutation tests (ADONIS, 10000 runs, R-package 
vegan, Oksanen et al., 2016). A principal coordinates analysis (PCoA) based on Bray-Curtis 
distances visualised differences in the microbiome profiles. 
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Results 

Overall, a high loss of replicates occurred in the heat shock treatment and control for all 
locations and all generations, with wasps failing to produce a new generation. In generation 
3, a total of 84.1% of replicates in heat treated wasps and 60.7% of replicates in the control 
group were lost over all locations. Especially wasps of the more southern locations, Fukuoka 
and Kagoshima, showed a high loss of replicates (Table 1). Due to this, the following analyses 
were continued with female wasps from Sendai, Kanazawa, and Kobe only. 

Table 1: Percentage of lost replicates for each location at generation three for the heat shock (HS) 
treatment and control. Brackets display the number of lost replicates at generation three versus the 
number of replicates at generation one. 

Contrary to our expectation that the heat shock treatment would lead to a gradual 
decrease in Wolbachia abundance and, with that, an increase in male offspring numbers, only 
few male offspring appeared occasionally in the 2nd, 3rd, and 4th generation in heat shocked 
(HS) wasps (Table 2). This indicates that the heat shock treatment was not successful in 
removing Wolbachia. Moreover, males also occurred occasionally in the control treatment 
(Table 2). As expected, the antibiotic treatment (AB) led to an all-male offspring (Table 2). 

Table 2: Appearance of male offspring in A. japonica over the course of the heat shock (HS) experiment for 
the three locations Sendai, Kanazawa and Kobe. Male offspring are given in percentage of total offspring 
in the first (G1), second (G2), third (G3), and fourth (G4) generation. Number of males per total offspring 
number is given in brackets. 

In line with the low production of males in HS wasps, Wolbachia was present in all 
screened female offspring in generation four of the HS treatment and control. The band 
intensities did not indicate a reduced titre in HS wasps compared to untreated (control) wasps 
(Fig. 3). In contrast, and in line with the all-male offspring of the AB treatment, Wolbachia 
abundance appeared reduced in wasps of the antibiotic treatment (Fig. 3). 

HS Control

Sendai 67.7 (38/85) 73.6 (31/85)

Kanazawa 68.1 (38/84) 67.7 (38/77)

Kobe 60.9 (46/85) 71.9 (33/81)

Fukuoka 92.6 (12/61) 78.7 (25/60)

Kagoshima 91.7 (11/75) 82.1 (21/74)

HS Control HS Control HS Control HS AB Control

Sendai
0 

(0/181)
0

 (0/966)
0.72

 (3/416)
0.52 

(11/2110)
0.34

 (1/296)
0.14 

(1/706)
0 

(0/37)
100

 (215/215)
0

 (0/193)

Kanazawa
0

 (0/168)
0.08

 (1/1282)
1.45 

(6/413)
0.53 

(9/1691)
0.86 

(4/463)
0.1 

(1/954)
0

 (0/66)
100

 (268/268)
0.51

 (1/197)

Kobe
0 

(0/194)
0.09

 (1/1032)
1.67 

(9/539)
0.16 

(3/1887)
0.21

 (1/483)
0.07

 (1/1375)
1.64

 (1/61)
100

 (215/215)
1.61 

(3/187)

G1 G2 G3 G4
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Figure 3: PCR essay for Wolbachia presence in Asobara japonica in generation four of the experimental 
treatments, using the Wolbachia specific primer wsp-81F and wsp-691R (see Table S2). Bands show a 
610bp PCR product, representing the unique wsp gene in Wolbachia. Gel pictures are labelled as follows. 
(M) 1Kb Ladder for HT and control, 100bp Ladder for AB; (1-4) displays the four replicates of A. japonica 
for each location (Kanazawa, Kobe and Sendai). HS = heat shock treatment; control = no treatment; AB = 
antibiotic treatment. 
 
 

qPCR Analysis of Wolbachia abundance confirmed results from the PCR gel (Figure 3). 
Wolbachia abundance in A. japonica was not influenced by the interaction between 
treatment and location (ANOVA, F5, 11= 0.76, p = 0.59) and neither by location (ANOVA, F2, 11 
= 2.43, p = 0.134). Treatment significantly influenced the abundance of Wolbachia (Figure 4; 
ANOVA, F3, 11 = 23.78, p < 0.001). AB treated wasps had a significantly lower number of 
Wolbachia compared to HS, control and sisters of males (SM) samples, which did not differ 
between each other (post-hoc pairwise comparisons: AB versus control, HS and SM: p < 0.001, 
all other comparisons: ns), even though the latter group (SM) included the small percentage 
of replicates with male offspring production in the 3rd and 4th generation of HS and control 
wasps from the locations Kobe and Kanazawa (Table 2), which might have been due to a 
reduction of Wolbachia titre in these replicates.  
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Figure 4: Relative Wolbachia abundance in generation four with two replicates per line (Kanazawa, Kobe 
and Sendai). Wolbachia abundance for all treatments (antibiotic (AB), heat shock (HS), control (CO), and 
sisters of male offspring (SM)) was measured with a quantitative polymerase chain reaction (qPCR). Letters 
indicate statistically significant differences. Boxes represent the median and interquartile range. 
 
 

Differences between AB and the other treatments were also visible in bacterial 
community compositions. The DGGE analysis showed a lower abundance of detectable bands 
in AB treated wasps (Fig. 5a). Moreover, the principal component analyses (PCoA) plot 
revealed that the samples treated with antibiotics separated from the other samples 
supporting significant variation in bacterial community composition between treatments 
(Adonis, F3, 8 = 5.4, p = 0.001, Fig. 5b). Additionally, some of the sisters of males samples, but 
also some of the other samples of control and heat shocked wasps, showed a separation from 
the other samples in these treatments.  
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Figure 5: DGGE analysis of bacterial community composition of Asobara japonica in generation four for 
the treatments heat shock (HS), antibiotics (AB), control (CO) and sister individuals of male offspring (SM). 
A) 16S DNA fragments. Labels are as follows: (M) 1Kb Ladder for alignment between samples. (AB) 
antibiotic-treated wasps; SM within HS treated wasps; (control) untreated wasps; (HS) Heat shock. B) 
Principal component analyses (PCoA), showing the similarity of bacterial composition and abundance 
among treatments. Each dot represents one biological replicate consisting of ten pooled individuals. 
 
 
Discussion 

To disentangle the effects of single endosymbionts from the effects of the remaining 
microbial community on a host, this study aimed at establishing whether the application 
of a heat shock treatment to the wasp Asobara japonica is a promising method to remove 
the endosymbiont Wolbachia without affecting the remaining microbial community. 
Despite the desirability of such a methodology, removal of Wolbachia via heat shock 
treatment was not successful over four generations. Nearly no male offspring was 
produced, indicating that the asexual reproduction causing endosymbiont Wolbachia 
was not removed or inhibited through heat shocks applied to the wasp host. This was 
confirmed via diagnostic PCR, which showed no change in Wolbachia presence or 
abundance.  

Overall, an exceptionally high loss of replicates in both heat shock treated and 
control wasps was observed. This loss of replicates was likely due to a low parasitisation 
success of the wasps, i.e. wasps did not produce a next generation, either because they 
did not parasitise their Drosophila larvae hosts or because the hatching success of 
parasitised Drosophila larvae was low. A multitude of factors can affect parasitisation 
success and might have obscured any effect of the applied treatment. One possible 
explanation for reduced parasitisation success is that wasps were kept in isolation 
throughout the experiment. Isolation is known to negatively influence the general well-
being of social insects (Koto et al., 2015) and cockroaches (Lihoreau, Brepson, & Rivault, 
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2009), causing changes in foraging behaviour, reproduction, and livelihood (Lihoreau et 
al., 2009). Indeed, personal observation during experimental handling indicated that 
many wasps barely moved and showed little interest in parasitising larvae. However, 
isolation of individual wasps throughout an experiment is a standard procedure that has 
been successfully employed in the same laboratory using the same wasps (Ma et al., 
2013), making it unlikely that stress associated with isolation alone can explain the high 
failure of parasitisation in this experiment. Instead, earlier observations in our standing 
wasp cultures suggested regular seasonal dips in the population size of the wasps due to 
low numbers of hatching offspring. Such seasonal fluctuations in population size are 
common for wild insects. They have been observed in aquatic insects in Iran (Nasirian and 
Salehzadeh, 2019), mosquitos in the UK (Ewing et al., 2019) and bugs in the USA (Johnson 
et al., 2016). The factors that drive such fluctuations are not always apparent but likely 
act in response to environmental conditions. As animals in the laboratory often retain 
their internal clock despite continued favourable conditions for reproduction, this might 
cause dips in population size. However, whether this is the case in A. japonica is 
speculative. Taken together, the factors that contributed to the observed high loss of 
replicates in this experimental setting remain unclear and need further investigation.  

As expected, wasps treated with antibiotics produced an all-male offspring, 
indicating successful removal of Wolbachia. However, male offspring also occurred 
sparsely in heat shock treated wasps without any detectable change of Wolbachia 
presence or abundance in their parental generation. Moreover, male offspring also 
occurred in control wasps (Table 2). This aligns with earlier observations of random male 
occurrence in cultures of A. japonica (Ma et al., 2012; Reumer et al., 2015). Interestingly 
the females that produced males in our study also produced female offspring. This 
indicates that the occasional occurrence of males is not due to an overall reduction of 
Wolbachia in the asexual female, as they should produce an all-male progeny if 
Wolbachia is lower than a certain threshold. Consequently, a stochastic change in 
Wolbachia density or other disturbances of Wolbachia host phenotype manipulation 
must have occurred during egg production or the development of the offspring. The 
sporadic occurrence of males in heat shocked but also control wasps could potentially be due 
to varying amounts of Wolbachia transmitted to the eggs, as found in stinkbugs (Hosokawa 
et al., 2010), or a completely failed transmission, as found for the symbiont Hamiltonella 
defensa in aphids when kept at 25°C (Dykstra et al., 2014). Finally, Wolbachia density 
development might have failed after egg laying, for example, 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, as found in artificially infected Anopheles mosquitoes (Hughes et al., 2014). Taken 
together, processes after egg production seem to be able to influence Wolbachia titre, 
indicating that treatments during development could be more successful at removing 
Wolbachia. Such treatments could be prolonged heat, fluctuation of temperature or cold 
treatments, as temperature was found to influence Wolbachia establishment in Drosophila 
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(Anbutsu et al., 2008). 

Antibiotic treated wasps differed in bacterial community composition from the other 
treated and control samples, underlining the need for an alternative method to disentangle 
the effect that endosymbionts and the remaining microbial community has on their host (Mu 
and Zhu, 2019). Such differences between samples were also found for the control, heat shock 
and sisters of male offspring, indicating that unknown factors may influence bacterial 
community composition, which may also have consequences for male production. This again 
implies that the occasional occurrence of males may be connected to changes in the bacterial 
community rather than a reduction of Wolbachia in females. However, the findings of the 
bacterial assays should be interpreted very carefully due to the limited resolution of the DGGE 
analyses.  

Overall, we were unsuccessful in applying heat shock to remove Wolbachia in the 
parasitic wasp A. japonica. Future research will need to develop methods interfering as 
little as possible with the composition of the microbiome to investigate the interaction 
between a single symbiont and its host. However, our results also highlight that a less 
invasive method than the removal of endosymbionts through antibiotics is in dire need, as 
antibiotic treated wasps not only were rid of Wolbachia but showed a drastically altered 
microbial community. Other methods, such as treatment of wasps during development with 
prolonged heat, cold or fluctuating temperatures, should be investigated. Moreover, short 
heat shocks of adults should not entirely be excluded as a potentially successful method, as 
the high loss of replicates in our study could have obscured the effect of our heat shock 
treatment. Until the establishment of less invasive methods, researchers investigating 
bacterial symbionts should bear potential limitations of antibiotic treatments in mind and 
include, if possible, other manipulations to distinguish between effects attributable to 
the disappearance of the symbiont and effects attributable to the removal method itself.  
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Supplementary information for chapter 5 
 
This supplement includes  
 
Tables S1 and S2 
 
Tables  
 
Table S1: Sample size of Asobara japonica during the experiment. Numbers of replicates at the start of the 
experiment (G0) and generation three (G3) are given. Single female wasps in replicates of G3 were used to start 
a fourth-generation (G4). An antibiotic treatment (AB) was set up with single wasps taken out of the control at 
generation three. 

 
 
Table S2: Primers used for PCR experiments in this study, including their name, specificity, sequence and a 
published reference. F: forward primer; R: reverse primer. 

HS control HS control AB
Sendai 85 85 35 31 31
Kanzawa 84 77 39 38 38
Kobe 85 81 46 33 33
Fukuoka 61 60 11 25 25
Kagoshima 75 74 11 21 21

G0 G3

Name of primer Specificity Sequence

wsp-81F 5’-TGGTCCAATAAGTGATGAAGAAAC-3’

wsp-691R 5’-AAAAATTAAACGCTACTCCA-3’

BamA_wLclaF2 5’-AGGATATTTCAGGATTGGGAGG-3’

BamA_wLclaR2 5’-TTTGTCTTCTGCTCTTGGTC-3’

ef1a_dna_ajapF1 5’-GAACCACCCAGGACAAATCAG-3’

ef1a_dna_ajapR1 5’-TCACAGCCTTAATAACACCGA-3’

F968GC V6 16S rDNA 5'- 18 GC clamp-AAC GCG AAG AAC CTT AC-3'

R1401-1b V8 16S rDNA 5’-CGG TGT GTA CAA GAC CCG GGA ACG-3’

A. japonica specific 
(reference gene)

Wolbachia specific

Wolbachia specific
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