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Introduction 

Intracellular bacterial endosymbionts form a particularly intimate relationship with the 

insect hosts. They are vertically transmitted only through the egg cytoplasm. Males do not 

contribute to the transfer of the endosymbiont to the next generation, as sperm cells only 

transfer the (pro)nucleus, containing the paternal genome, upon fertilization and are, 

therefore, evolutionary speaking “dead-ends”. In insects, this has led to the evolution of a 

variety of mechanisms by which endosymbionts manipulate their host’s reproduction to 

produce more, or even exclusively, female offspring (reviewed by Werren et al. 2008; 

Kageyama et al. 2012; Ma et al. 2014). The most common endosymbionts in insects are 

Wolbachia, Cardium, and Rickettsia (Kageyama et al. 2012; Ma et al. 2014; Ma and 

Schwander 2017). Four methods of manipulation to increase the ratio of female offspring 

can be distinguished: induction of male offspring lethality by impeding embryonic 

development (male-killing, MK), conversion of genotypic males into phenotypic and 

functional females (feminization, FM), induction of asexual reproduction (parthenogenesis 

induction, PI), and destruction of the paternal pronucleus after fertilization if the father is 

uninfected or if the paternal endosymbiont is different from the maternal one (cytoplasmic 

incompatibility, CI). The genetic mechanisms of these host manipulation mechanisms are 

still poorly known.  

In this thesis, I will focus on endosymbiont-induced asexual reproduction in two parasitoid 

genera:  Leptopilina and Asobara. In particular, I will investigate how the endosymbiont may 

target the genetic regulation of host sex determination to ensure the feminization of the 

offspring. 

Endosymbiont induced asexual reproduction: thelytoky 

Thelytoky induced by endosymbionts occurs only in haplodiploid arthropods: 

hymenopteran insects, mites, and thrips (Kageyama et al. 2012; Ma et al. 2014; Ma and 

Schwander 2017). Under haplodiploid reproduction, diploid females develop from fertilized 

eggs, whereas haploid males develop from unfertilized eggs. As a consequence, females 

carry both maternally and paternally provided chromosome sets, whereas males receive 

chromosomes only from their mothers. Under thelytoky, diploid females develop from 

unfertilized eggs and receive chromosomes only from their mothers. In some arthropod 

species, endosymbionts like Wolbachia and Cardinium induce thelytoky as reproductive 

mode.  

Without the paternally provided chromosome set upon fertilization, diploidization of the 

egg is induced by the endosymbiont through interfering with cell division. In some cases, 
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heterozygosity is wholly or partly maintained, as described for the mite Bryobia praetiosa 

and wasp Neochrysocharis formosa (Weeks and Breeuwer 2001; Adachi-Hagimori et al. 

2008). Upon disruption of mitosis, the s duplication of the complete haploid genome, 

termed gamete duplication. Gamete duplication entails the failure of chromosome 

segregation during mitosis (Stouthamer and Kazmer 1994; Pannebakker et al. 2004a) or a 

fusion of two nuclei after the first mitotic anaphase (Gottlieb et al. 2002). As a result, 

heterozygosity is lost, leading to homozygous offspring. Gamete duplication is so far the 

only described mechanism for Wolbachia-induced thelytoky in Hymenoptera. 

Although the diploidization of eggs is essential for thelytoky, it is not sufficient to ensure 

female development of the resulting embryo. Many cases of diploid male production have 

been described for haplodiploid insects, even in the absence of endosymbionts (reviewed 

by Cook 1993; Heimpel and de Boer 2008). Moreover, in several cases of induced thelytoky, 

removal of the endosymbiont by antibiotic treatment leads to the production of diploid 

males. This has been documented for Cardinium in thelytokous Encarsia hispida and 

Wolbachia in thelytokous Trichogramma wasps (Giorgini et al. 2009; Tulgetske 2010). These 

observations have led to the notion that the endosymbiont also needs to induce female 

development of diploidized unfertilized eggs. Ma et al. (2015) showed that Wolbachia-

induced thelytoky in Asobara japonica consists of two separate steps, diploidization and 

feminization, while each step depends on a specific minimal Wolbachia titer. This two-step 

model of Wolbachia induction of thelytoky shows that such asexual reproduction requires 

endosymbiont interference with the sex determination system of the host. 

Described host sex-determination systems: Complementary Sex 

Determination (CSD) and Maternal Effect Genomic Imprinting Sex 

Determination (MEGISD) 

Under arrhenotoky, the essential feature is that the paternal genome is required to initiate 

female development. Two haplodiploid sex determination mechanisms have been 

described:  Complementary Sex Determination (CSD) and Maternal Effect Genomic 

Imprinting Sex Determination (MEGISD) (Figure 1.1). There are, however, probably many 

other yet unexplored systems. 

Under CSD, sex is determined by the allelic state at one or more sex determination loci 

(Figure 1.1a). In case of single-locus CSD (sl-CSD), heterozygosity at a single sex locus results 

in female development, whereas homozygosity or hemizygosity leads to diploid and haploid 

males, respectively. If there are multiple sex determination loci (ml-CSD), homozygosity or 

hemizygosity at all loci leads to diploid or haploid males. Although CSD has been described 

for over 60 species (van Wilgenburg et al. 2006; Heimpel and de Boer 2008), the 
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complementary sex determiner (csd) locus has only been characterized in the honey bee 

Apis mellifera (Beye et al. 2003). Attempts to find the orthologs of csd in other CSD species 

have so far been unsuccessful (Miyakawa and Mikheyev 2015; Matthey-Doret et al. 2019). 

Because homozygosity leads to diploid male offspring under CSD, it has been suggested that 

CSD is incompatible with endosymbiont-induced thelytoky involving gamete duplication 

that causes complete homozygosity. Consistently, the parasitoid families Chalcidoidea, 

Cynipoidea, and Platygastroidea contain Wolbachia-induced thelytokous species, and there 

are no reports of species with CSD as the sex determination mechanism in these groups.  

Another haplodiploid sex determination mechanism, MEGISD, was characterized for the 

jewel wasp Nasonia vitripennis. MEGISD consists of two key components: a maternal effect 

gene (msd) and a zygotic female determination gene (zsd) (Figure 1.1b). Upon 

gametogenesis, zsd is maternally silenced by msd through genomic imprinting (Beukeboom 

1995; Beukeboom et al. 2007). As haploid unfertilized eggs only contain a maternally 

imprinted zsd copy, they develop into males.  Diploid fertilized eggs contain a paternally 

inherited zsd allele that is not silenced by msd. This non-silenced allele of zsd initiates female 

development (Verhulst et al. 2010, 2013). The molecular detail of msd remains unknown, 

but zsd has been characterized as wasp overruler of masculinization (wom), the instructor 

gene of Nasonia female sex determination (Zou et al. 2020). It is not clear whether MEGISD 

applies to other haplodiploid species.  
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Figure 1.1 Hymenopteran sex determination systems: Complementary Sex Determination (CSD) and 

Maternal Effect Genomic Imprinting Sex Determination (MEGISD): (a) CSD in Apis mellifera: 

Heterozygosity at complementary sex determiner (csd) locus results in female development; 

homozygosity and hemizygosity lead to diploid and haploid male respectively; (b) MEGISD in Nasonia 

vitripennis: Maternal wasp overruler of masculinization (wom)  is imprinted by maternal effect gene 

(msd), and paternal wom is not imprinted. A diploid zygote with an imprinted and a non-imprinted 

wom undergoes female development, and a zygote with only maternally imprinted wom develops 

into a haploid male.  

 

Host sex determination genetics 

There are many sex determination mechanisms in which female or male development is 

achieved via a hierarchical cascade of sex determination genes (Bopp et al. 2014, Figure 

1.2). Primary signals, or instructor genes, initiate either the male or the female sex 

determination pathway. In many insects, including the Hymenoptera, the signal is 

transduced by transformer (tra) to its downstream target-gene doublesex (dsx). Both 

regulations of tra and of dsx involve alternative splicing of the primary transcripts. Here I 

will briefly describe the process. 

ON/OFF regulation of tra 

Tra can be considered as a critical switch in sex determination, as it transduces the primary 

signal to the executing dsx gene (Bopp et al. 2014). Only if tra is “ON”, female development 

is initiated. This switch is regulated through alternative splicing of the tra pre-mRNA. The 

tra switch is “ON”, when female-specific splicing results in a functional female-specific 

Transformer protein (TRAF) and OFF when male-specific splicing results in a truncated non-

functional Transformer protein. In all insect sex determination pathways that include tra, 
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with the exception of Drosophila, female-specific splicing of tra (traF) mRNA is controlled by 

an auto-regulatory loop, in which the splicing of traF mRNA requires a functional TRAF 

protein (Pane et al. 2002; Lagos et al. 2007; Ruiz et al. 2007; Concha and Scott 2009; Hediger 

et al. 2010; Shukla and Palli 2012). As a result, an active auto-regulatory loop keeps tra in 

the “ON” state and results in female development. 

The activity of TRAF is dependent on the presence of the Transformer-2 protein (TRA2), a 

co-factor required for proper splicing. TRA2 is coded for by the transformer-2  (tra2) gene, 

which is not part of the sex-determination cascade, as neither its expression nor the splicing 

of its pre-mRNA is regulated by the sex-determination hierarchy. Nevertheless, it is an 

important gene to enable proper TRAF function. 

  

Figure 1.2 Insect sex determination pathway. The critical switch transformer (tra) interprets the 

primary signal. When tra is “ON”, female-specific Transformer protein (TRAF) is generated. This 

initiates an auto-regulatory loop of TRAF production and leads to a female-specific Doublesex protein 

(DSXF), directing female development. When tra is “OFF”, male-specific Doublesex protein (DSXM) is 

generated that instructs male development.  

In the early embryos of some insects, a critical level of traF and tra2 mRNA needs to have 

been maternally provided to ensure the timely switching “ON” of tra (Pane et al. 2002; 

Lagos et al. 2007; Concha and Scott 2009; Salvemini et al. 2009; Sarno et al. 2010; Nissen et 

al. 2012; Schetelig et al. 2012). In A. mellifera under CSD, tra2 transcripts in early embryos 

are required for the initiation of female-specific splicing of feminizer (ortholog of tra) 

(Nissen et al. 2012). These mRNAs are presumed to be maternally provided, given their 
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presence in both fertilized and unfertilized eggs. In the house fly Musca domestica, the 

absence of maternally provided tra mRNA in the eggs, caused by a mutation in the female, 

leads to male production, suggesting that maternal tra mRNA is needed to initiate auto-

regulation of tra in zygotes (Hediger et al. 2010). In Hymenoptera, maternal provision of tra 

and tra2 mRNA were proposed necessary for female development of N. vitripennis under 

MEGISD (Verhulst et al. 2010; Geuverink et al. 2017), but this has to be confirmed 

experimentally. In any case, maternal ovarian traF and tra2 transcripts can be a central 

element for sex determination.  

The transduction module tra-dsx 

The transduction of the primary signal by tra is also based on an alternative splicing process. 

Transcripts of the executor gene dsx are “by default” spliced into the male-specific form and 

are translated into a male-specific Doublesex (DSXM) protein that initiates male 

development. When a functional TRAF protein is present, splicing of dsx transcripts is 

directed into the female-specific mode, resulting in the production of female-specific 

Doublesex (DSXF), which then initiates female development. This splicing process also 

requires TRA2.  

The study system: Leptopilina and Asobara  

The research presented in this thesis on endosymbiont-induced asexual reproduction 

focuses on two parasitoid genera: Leptopilina and Asobara. Previous research has enabled 

me to formulate specific hypotheses to be tested. Here I briefly describe the “state-of-the-

art” when I started my project. 

Wolbachia-induced thelytoky in Leptopilina and Asobara  

The Hymenopteran genera Leptopilina and Asobara are solitary larval parasitoids of 

Drosophila species. In both genera, species can be infected by endosymbionts. A. japonica 

and Leptopilina clavipes have geographically separate Wolbachia-infected thelytokous and 

non-infected arrhenotokous populations (Pannebakker et al. 2004b; Murata et al. 2009). 

The Wolbachia bacteria can be removed by treatment with antibiotics. Antibiotic-treated 

females revert to producing males, that can mate with sexual females to produce fertile 

offspring (Pannebakker et al. 2002, 2004b; Ma 2014). 

As described earlier, Wolbachia-induced thelytoky consists of gamete duplication (Ma 

2014) to achieve diploidization of the unfertilized egg, followed by feminization (Ma et al. 

2015). For A. japonica, each of these two steps depends differently on the Wolbachia titer 

(Ma et al. 2015). If infected females have a high Wolbachia titer, they produce diploid 
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female offspring. When the Wolbachia titer is lowered, they initially produce diploid males 

and eventually only haploid males. In L. clavipes, the underlying cytological mechanism for 

diploidization is also gamete duplication (Pannebakker et al. 2004a). In this thesis, I will 

investigate whether the two-step model of Wolbachia-induced thelytoky also applies to L. 

clavipes.  

Sex determination mechanism of Leptopilina and Asobara  

The genetics of sex determination for Leptopilina and Asobara is not known. It has been 

shown that CSD is absent in A. japonica and three other Asobara species (Ma et al. 2013). 

The sex determination system of Leptopilina species has hardly been explored.  

Both arrhenotokous and thelytokous L. clavipes and A. japonica carry orthologs of tra, dsx, 

and tra2 (Geuverink 2017). However, the two reproduction modes differ in tra mRNA 

transcripts in early embryos (Geuverink 2017, Figure 1.3). In L. clavipes, female-specific tra 

(Lc-traF) mRNA is absent in early arrhenotokous embryos but present in thelytokous 

embryos (Geuverink 2017). Upon removal of the Wolbachia infection, Lc-traF is absent in 

thelytokous embryos. Apparently, Wolbachia interferes with tra transcript splicing in 

infected thelytokous females. In A. japonica, in addition to female-specific (Aj-traF) and 

male-specific (Aj-traM) splice variants, tra pre-mRNA can be spliced into alternative, non-

sex-specific variants (Aj-traNSS) (Geuverink 2017). Aj-traNSS mRNA is present in both early 

arrhenotokous and thelytokous embryos. Only thelytokous females provide Aj-traF mRNA, 

in addition to Aj-traNSS, to their eggs. Again, this provision of Aj-traF mRNA stops upon 

removal of the Wolbachia infection by antibiotic treatment (Geuverink 2017). This suggests 

that Wolbachia manipulates tra transcript splicing in both L. clavipes and A. japonica.  In 

this thesis, I will further explore this possibility. 
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Figure 1.3 Transformer (tra) mRNA splice variants in early embryos of Leptopilina clavipes and Asobara 

japonica based on Geuverink (2017). In both L. clavipes and A. japonica, female-specific tra (traF) 

transcripts only appear under thelytoky, whereas they are absent under arrhenotoky and Wolbachia-

cured thelytoky. Transcript isoforms in brackets are uncertain and require further investigation. 

 

Thesis overview  

This thesis aims to investigate how Wolbachia interferes with genetic regulation of sex 

determination in two haplodiploid wasp genera, Leptopilina and Asobara. Both genera 

contain species with arrhenotokous and Wolbachia-induced thelytokous reproduction. The 

two-step model proposed for A. japonica (Ma et al. 2015) suggests that Wolbachia 

manipulates sex determination to induce offspring development into females. A previous 

study (Geuverink 2017) has revealed that Wolbachia interferes with the sex-determination 

gene tra mRNA in early embryos of L. clavipes and A. japonica. In the presence of Wolbachia, 

tra transcripts are biased towards a female-specific isoform. It is however not clear how 

Wolbachia interferes with tra transcripts and whether this interference leads to asexual 

reproduction. To investigate how Wolbachia interferes with host sex determination, I firstly 

investigate whether Leptopilina species have csd as the primary signal of sex determination. 
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I then investigate whether Wolbachia interferes with tra regulation to ensure female 

development in L. clavipes and A. japonica. Finally, I study the function of tra and tra2 in 

the sex determination pathway of the two species. I discuss how reproductive mode and 

sex determination interact in these haplodiploid systems.  

Chapter 2 Absence of Complementary Sex Determination in two Leptopilina species 

(Figitidae, Hymenoptera) 

The absence of CSD was previously shown for Asobara species, but the presence of CSD has 

not been tested in Leptopilina species. In this chapter, I investigate whether CSD occurs in 

the parasitoid wasps Leptopilina heterotoma and L. clavipes. Both species have Wolbachia-

infected populations but differ in Wolbachia-induced phenotype, i.e., cytoplasmatic 

incompatibility in L. heterotoma and thelytoky induction in L. clavipes. Wolbachia causes 

host thelytoky by gamete duplication resulting in completely homozygous females. This is 

predicted to be incompatible with CSD, as homozygotes would develop into diploid males 

under CSD. Hence, CSD is generally considered absent in Wolbachia-induced thelytokous 

species. However, only a limited number of species were tested in these families. To add to 

the phylogenetic pattern of CSD and thelytoky, I performed several generations of 

inbreeding in L. heterotoma and L. clavipes. I compared progeny sex ratios of inbred pairs 

with control pairs and observed no increase in male production due to viable diploid males 

and no decrease in brood size due to inviable diploid males. These results are evidence for 

the absence of CSD in these two species.  

Chapter 3 The splicing isoforms of ovarian transformer transcript depend on Wolbachia 

titer in Asobara japonica 

A previous study in A. japonica (Geuverink 2017) has shown that embryos of thelytokous 

females contain additional Aj-traF mRNA compared to Wolbachia-cured and arrhenotokous 

females. These results suggest that Wolbachia is the cause of pre-loaded Aj-traF mRNA to 

induce the feminization process. Based on these results, I hypothesize that the development 

of females, diploid males, or haploid males depend on how much traF mRNA the Wolbachia-

infected female puts into her eggs. By using antibiotics to partly remove Wolbachia, I 

obtained females containing different titers of Wolbachia. Comparing the relative 

expression of ovarian tra in those females reveals that Aj-tra mRNA amount does not 

depend on Wolbachia titer. However, the splicing of Aj-tra is affected, as the transcripts are 

biased to Aj-traF when more Wolbachia are present. I conclude that Wolbachia manipulates 

the splicing of ovarian Aj-tra transcripts towards Aj-traF. As female development coincides 

with splicing of ovarian Aj-tra pre-mRNA towards Aj-traF, female development likely 

requires ovarian Aj-traF mRNA. 
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Chapter 4 Diploidization and feminization do not depend on different Wolbachia titers in 

thelytokous development of Leptopilina clavipes 

In this chapter, I investigate whether diploidization and feminization are separate processes 

in thelytokous L. clavipes as a test of the two-step mechanism of thelytoky induction. I 

administer different antibiotic concentrations to females to (partly) remove Wolbachia and 

examine whether the sex and ploidy of offspring depend on Wolbachia titer. At the same 

time, I measure the relative expression and splicing pattern of ovarian tra (Lc-tra) mRNA 

along with the decreasing Wolbachia titer. More males are produced with higher antibiotic 

concentrations, but these males are haploid. These results suggest that diploid males 

cannot be obtained and that diploidization and feminization cannot be experimentally 

separated in female development of Wolbachia-induced thelytokous L. clavipes. However, 

I observed a decrease of ovarian Lc-tra mRNA expression and a shift from female to male 

isoforms with the reduction of Wolbachia titer. This provides evidence that Wolbachia 

exerts a feminization effect for thelytokous female development in L. clavipes during 

oogenesis, indicating that the two-step model does not apply in a similar way as in A. 

japonica.  

Chapter 5 Predestination of embryonic transformer transcript splicing is a key factor in 

Wolbachia-induced thelytokous reproduction of Asobara japonica 

This chapter investigates the role of Aj-tra and tra-2 (Aj-tra2) mRNA transcripts in ovary for 

female development in arrhenotokous and thelytokous A. japonica. For female 

development, female-specific tra mRNA translates into TRAF protein in zygotes. TRA2 

protein generated by tra2 mRNA is known as a co-factor of TRAF in regulating female-

specific splicing of dsx. Males develop when female-specific tra mRNA is absent, and male-

specific splicing of dsx mRNA occurs. Pupal RNA interference (RNAi) was used to knock down 

ovarian Aj-tra and Aj-tra2 transcripts. Based on my RNAi results, I propose a model of sex 

determination in A. japonica. 

Chapter 6 Summary and general discussion 

In this final chapter, I summarize the obtained results on sex determination of Leptopilina 

and Asobara species and how Wolbachia interferes with host sex determination to induce 

asexual reproduction. I discuss how my results fit the two-step model of thelytoky and how 

they have changed our view on Wolbachia’s interference with the genetic regulation of sex 

determination. I identify remaining open questions and how these may be approached in 

future studies.  
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Abstract 

Complementary Sex Determination (CSD) is a widespread sex determination 

mechanism in haplodiploid Hymenoptera. Under CSD, sex is determined by the 

allelic state of one or multiple complementary sex determination loci. 

Heterozygosity at one or more loci results in female development, whereas 

hemizygosity of haploid eggs and homozygosity of diploid eggs results in male 

development. Next to arrhenotokous reproduction (haploid males, diploid 

females), thelytoky (diploid females only) occurs in many hymenopterans. 

Thelytoky can be induced by endosymbionts and this may lead to complete 

homozygosity, which would be incompatible with CSD, causing a phylogenetic 

discordance of CSD and infectious thelytoky. Here, we tested two cynipid wasps, 

Leptopilina heterotoma and Leptopilina clavipes, for CSD. Both species are 

arrhenotokous, but L. clavipes also has Wolbachia-induced thelytokous 

populations. Based on inbreeding crosses over successive generations and data 

simulation, CSD up to 5 loci could be ruled out for L. heterotoma. Although progeny 

sex ratio slightly increased over six generations of inbreeding in L. clavipes, no 

diploid males were found, and we conclude that CSD is also absent in L. clavipes.   
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Introduction 

Many hymenopteran insects reproduce by arrhenotoky: diploid females develop from 

fertilized eggs and have one chromosome set from either parent, whereas males arise from 

unfertilized eggs and carry half the genome of their mother only. Some hymenopterans 

reproduce by thelytoky under which females develop from unfertilized diploid eggs. 

Thelytoky can be induced by nuclear genes as well as by infectious bacteria, such as the 

endosymbionts Wolbachia and Rickettsia (reviewed in Stouthamer 1997; Heimpel and de 

Boer 2008; Ma and Schwander 2017). 

Two mechanisms of hymenopteran sex determination have been described: 

Complementary Sex Determination (CSD) (Whiting 1943; Cook 1993a; Beye et al. 2003) and 

maternal effect genomic imprinting (Poirie et al. 1992; Beukeboom 1995; Verhulst et al. 

2010; Zou et al. 2020). CSD is widely distributed among hymenopterans (van Wilgenburg et 

al. 2006; Heimpel and de Boer 2008; Asplen et al. 2009). Under CSD, sex is determined by 

the allelic state at complementary sex determiner (csd) loci, of which thus far only the one 

in the honeybee, Apis mellifera, has been characterized (Beye et al. 2003). Heterozygosity 

at csd results in female development, while homozygosity or hemizygosity leads to diploid 

and haploid males, respectively. CSD can be based on one locus, called single-locus CSD (sl-

CSD), but also on multiple loci (ml-CSD) (Crozier 1971; Cook 1993b; de Boer et al. 2008; 

Harpur et al. 2013; Miyakawa and Mikheyev 2015; Paladino et al. 2015). Under ml-CSD, 

heterozygosity at one or more loci leads to female development. No ml-csd loci have been 

identified, nor have the molecular details of ml-CSD been elucidated in any hymenopteran 

species, but see Matthey-Doret et al. (2019) for an attempt. 

Inbreeding in a population with CSD leads to an increase in the proportion of male progeny 

because diploid males instead of females will develop from fertilized eggs as a result of 

increased homozygosity (Cook and Crozier 1995). Hence, CSD can be identified by 

inbreeding crosses, and this has been done for many species (reviewed in Cook 1993b; van 

Wilgenburg et al. 2006; Heimpel and de Boer 2008; Harpur et al. 2013). In the most extreme 

case of inbreeding, i.e., a mother-son cross, and assuming sl-CSD, fifty percent of fertilized 

eggs will be expected to become diploid males within a single generation. Under ml-CSD, 

this proportion is lower depending on the number of loci and the degree of independent 

assortment and linkage between loci. Increasing the inbreeding coefficient over consecutive 

generations increases the chance of homozygosity at each independent locus and leads to 

an increase in diploid male production (e.g., de Boer et al. 2008). Under CSD, the progeny 

sex ratio depends on the viability of the diploid males, as well as the fertilization rate and 

the chance of being homozygous at all sex determination loci (Table 2.1). The absence of an 

increase in progeny sex ratio after multiple inbreeding generations can therefore be used 
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to exclude ml-CSD as has been done for a number of species (Cook 1993b; Beukeboom et 

al. 2000; Ma et al. 2013; Paladino et al. 2015; Liu et al. 2019).  

Table 2.1 Predicted proportions of females, haploid and diploid males, and progeny sex ratio, under 

different scenarios of diploid male production and viability. f = fertilization rate, i = proportion inviable 

diploid males, and h = chance of being homozygous at all csd loci.  

 
No CSD 

 
CSD with inviable diploid 
male 

CSD with viable diploid male 

 

Proportion female 
(F) 

f f-i (1-h)f 

Proportion haploid 
male (M) 

1-f 1-f 1-f 

Proportion diploid 
male (D) 

0 0 hf 

Sex ratio 
M/(F+M) 
or 
(1-f)/[(1-f)+f] 

M/(F+M) * 
or 
[(1-f)/[f-i)+(1-f)] 

(M+D)/(F+M+D) 
or 
[(1-f)+hf]/[(1-h)f+(1-f)+hf] 

* Note that the proportion females will be lower because a fraction of fertilized eggs will become 

inviable diploid males, i.e., f = f-i 

In some hymenopteran groups, including the parasitoid families Chalcidoidea, Cynipoidea, 

and Platygastroidea, CSD appears to be absent (Asplen et al. 2009), whereas endosymbiont-

induced thelytokous reproduction is widespread in these groups (reviewed by Heimpel and 

de Boer, 2008). As most forms of endosymbiont-induced thelytoky involve partial or 

complete homozygosity of the genome (Suomalainen et al. 1987; Mateo Leach et al. 2009), 

it has been suggested that CSD is incompatible with endosymbiont-induced thelytokous 

reproduction (Cook 1993a; Stouthamer and Kazmer 1994; van Wilgenburg et al. 2006). 

However, this conclusion is based on a limited number of species for which CSD is excluded, 

and this proposed phylogenetic discordance between CSD and thelytoky needs further 

support. Here, we test the cynipid wasps Leptopilina heterotoma and Leptopilina clavipes 

for the presence of CSD by inbreeding crosses. These species belong to the family Figitidae 

(subfamily Eucoilinae, superfamily Cynipoidea), a little tested hymenopteran group. L. 

heterotoma only reproduces by arrhenotoky, but for L. clavipes, both arrhenotokous and 

thelytokous populations have been reported (Pannebakker et al. 2004a; Kraaijeveld et al. 



Absence of complementary sex determination in two Leptopilina species  

 
29 

2011). Our study adds to the phylogenetic distribution of CSD and thelytoky among the 

Hymenoptera.  

Materials and methods 

Strains and culture conditions 

Two arrhenotokous laboratory strains of both L. heterotoma and L. clavipes were used. L. 

heterotoma strain Santa Christina (SC) was collected from Santa Christina d’Aro, Spain 

(41.8°N, 3.0°E) in 2015 and strain Vosbergen (VB) from Vosbergen, the Netherlands (53.1°N, 

6.5°E) in 2015. The sexual L. clavipes strains Calonge 1 (CA1) and El Pou del Glac 2 (EPG2) 

were collected from Calonge, Spain at separate sites (41.9°N, 3.1°E and 41.6°N, 3.0°E 

respectively) in 2017. Prior to testing, the L. heterotoma had been maintained in the 

laboratory for approximately 13 generations and L. clavipes for 11 generations with about 

50 individuals. They were maintained and tested on Drosophila melanogaster larvae at 25 

°C under constant light.  

Inbreeding experiments  

For L. heterotoma, experimental strains were established from reciprocally crossing the two 

arrhenotokous strains by individually mating 20 virgin females from one strain with 20 

males of the other strain. The aim was to increase the genetic variation of the experimental 

lines to prevent underestimation of sex determination loci. F1 virgin females of the 

reciprocal crosses were collected and provided with host larvae at 25 °C, after which they 

were stored at 12 °C for three weeks until their sons had emerged. The females were then 

split into an experimental and control group: each female from the experimental group was 

placed with one of her sons for 12-24 h to mate (mother-son or M-S cross), and the control 

females were individually mated with one non-related male from the mixed stock culture 

(Figure 2.1). Virgin F1 females of the M-S cross were next split into an experimental and 

control group as well. Experimental females were individually mated with one of their 

bothers (brother-sister or B-S cross), and control females were individually mated with a 

randomly picked male from the mixed stock (Figure 2.1). In this way, a control group was 

established for every generation from M-S cross to B-S 6 cross. In an initial experiment for 

L. heterotoma, there was no control group established for the M-S cross, so only B-S 1 to B-

S 6 have a control. In a second experiment, M-S and all B-S crosses as well as control groups 

were set up for four generations. 
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Figure 2.1 Experimental set-up of inbred and control groups in L. heterotoma, taken one direction of 

the reciprocal cross as an example. A Mother-Son cross is followed by 6 generations of Brother-Sister 

crosses. Character S and V represent strain SC and VB, S-V represents the strain generated by the 

outcross between SC female and VB male. 

 

As L. clavipes females barely mate after cold storage, an initial M-S cross could not be 

established. Instead, a brother-sister (B-S 1) cross was performed after the outcross (Figure 

2.2). The remainder of the procedure was similar to that of L. heterotoma (Figure 2.2). In 

every generation, the number of emerged male and female wasps (sex ratio = proportion 

male) was recorded for both species.  
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Figure 2.2 Experimental set-up of inbred and control groups in L. clavipes, taken one direction of the 

reciprocal cross as an example. As a Mother-Son cross was not possible, there are 6 generations of 

Brother-Sister crosses. Character C and E represent strain CA1 and EPG2 C-E represents the strain 

generated by the outcross between CA1 female and EPG2 male. 

 

Detection of diploid males 

The detection of diploid males depends on whether they are viable. L. heterotoma and L. 

clavipes are solitary species. To account for possible production of inviable diploid males, 

the number of emerged Drosophila flies and the number of non-emerged Drosophila pupae 

were counted, as they may indicate premature wasp death at the egg or pupal stage. The 
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proportion of adult wasps was estimated by dividing the number of emerged wasps by the 

number of hosts provided.   

A representative subset of male offspring was tested for ploidy by flow cytometry as 

described in de Boer et al. (2007). In short, wasp heads were homogenized in 50 μL Galbraith 

buffer and stained with 10 μL propidium iodide (2.5 mg/ml). DNA content was measured 

with a Coulter Epics MXL flow cytometer (Beckman Coulter, Miami, USA) or a MACSQuant 

Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany) and analyzed with 

MACSQuantify™ Software (Miltenyi Biotec B.V., Leiden, The Netherlands). Males were 

classified as haploid or diploid based on reference individuals of known ploidy that were 

analyzed at the same time. In L. heterotoma, only individuals from B-S 3 were tested for 

ploidy, and in L. clavipes, individuals from B-S 5 and B-S 6 were tested.  

Simulations 

A model adapted from Cook (1993b), de Boer et al. (2008, 2012), and Ma et al. (2013) was 

used to predict sex ratio and diploid male ratio under different CSD conditions (i.e., number 

of csd loci). Simulations were ran assuming 1, 2, 5, and 10 putative csd loci. Diploid 

individuals developed as a female if they were heterozygous for one or more csd loci, but 

as a male, if they were homozygous for all loci; all haploid (hemizygous) individuals develop 

as males. For direct comparison of the simulated and observed data, we randomly sampled 

the brood sizes and fertilization proportions from females in the entire control pedigree. All 

simulations were initiated with an F0 outcross between a fully heterozygous female (e.g., 

with a genotype A/B for all csd loci) and an unrelated haploid male (with a C allele for all csd 

loci). After this outcrossing, we simulated a series of inbreeding crosses. For L. heterotoma, 

the first inbreeding cross was an M-S cross followed by B-S crosses, whereas for L. clavipes, 

we started the first inbreeding generation with a B-S cross. Diploid females and haploid 

males were randomly selected from among the offspring to carry out the inbreeding 

crosses. We assumed that all csd loci segregated independently and that diploid males did 

not suffer from increased inviability. For both species and for each number of csd loci 

considered, we carried out 10 000 replicates in which we recorded the simulated 

operational sex ratios (haploid plus diploid individuals) as well as the diploid sex ratio 

(proportion of males among diploid individuals). 

Data analysis 

Sex ratio, adult wasp proportion, and non-emerged fly pupa proportion were analyzed with 

generalized linear mixed effects models (GLMMs, package “lme4”, Bates et al., 2014) with 

binomial errors in R package v3.5.1 (R core team 2019). Families within each experiment 

were added as random factors and the interaction between generations (outcross, M-S, B-
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S 1-6) and treatments (experimental and control groups) as predictors. All models were 

simplified from full models that included all parameters by excluding the non-significant 

parameters (Crawley 2015). Brood size data of L. heterotoma and L. clavipes were analyzed 

with GLMMs with a Poisson error distribution, including the interaction between 

generations and treatments as predictors, with families within each experiment as random 

factors. Pairwise comparisons of sex ratio, adult wasp proportion, non-emerged fly pupa 

proportion, and brood size data were performed by Tukey contrasts with Bonferroni 

correction using R package estimated marginal means (emmeans) (Lenth 2020). 

Results 

Inbreeding in L. heterotoma 

Pooling data over all generations and experiments resulted in 44% of all-male broods in the 

inbreeding group compared to 61% in the control group (χ2 = 40.53, P < 0.0001) All-male 

broods in the control group are most likely due to non-mating of females. The reason for a 

higher proportion of all-male broods among controls is unknown, but it was not a strain-

specific effect, as this was observed under both directions of reciprocal crosses Table S2.1). 

As the number of all-male broods was lower, rather than higher, in the inbreeding group, 

they were assumed to all be the result of non-mating as well, rather than diploid male 

production, and were excluded from the analysis.  

Mother-son (M-S) crosses yielded an average progeny sex ratio of 0.29 ± 0.01 SE, which is 

not significantly deviating from the first outcross generation as expected under sl-CSD 

(Figure 2.3a). Progeny sex ratios varied in brother-sister (B-S) crosses from 0.33 ± 0.02 to 

0.40 ± 0.02 SE (Figure 2.3a), and did not increase over successive generations (Table S2.2). 

Moreover, progeny sex ratios of inbred generations were not systematically higher than 

their corresponding control groups (Figure 2.3a). These results indicate the absence of CSD 

in L. heterotoma. 

No diploid males were detected among 80 randomly selected males from B-S 3 generation. 

To test for potential inviable diploid males, we compared brood sizes (proportion adult 

wasps) and the proportions of non-emerged flies (the hosts). There was no decrease in 

brood size among generations, and the brood size of B-S 6 was higher rather than lower 

than the other inbred generations (Table S2.2). This higher brood size of B-S 6 is most likely 

due to a higher host quality. If diploid males were produced but died during development, 

this would be reflected in an increase in sex ratio, a reduction of brood size, a decrease in 

adult wasp proportion as well as an increase in non-emerged fly pupae. In B-S 2 and 3 

several generations brood size of the inbred group was higher than the control group (P < 
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0.05, Tukey pairwise comparison by Bonferroni correction), opposite to what is predicted 

under diploid male inviability (Figure 2.3b). Adult wasp proportion varied between 0.78 ± 

0.03 to 0.87 ± 0.02 in the inbreeding group and was not consistently lower than controls, 

nor did it decrease over successive generations (Figure 2.3c, Table S2.2). Similarly, the 

proportions of non-emerged fly pupae did not differ consistently between experimental and 

control groups and did not increase over inbreeding generations (Figure 2.3d, Table S2.2). 

We conclude that there are no indications for inviable diploid males resulting from 

inbreeding, consistent with an absence of CSD in L. heterotoma.  

Inbreeding in L. clavipes 

Pooling data over all generations and experiments revealed 69% (649 out of 942) all-male 

broods in the inbred group and 89% (646 out of 725) all-male broods in the control group 

(χ2 = 96.502, P < 0.0001). Similar to L. heterotoma, the inbred group has less all-male 

broods, which were observed in females following both directions of reciprocal crosses 

(Table S2.3). All-male broods were therefore excluded from the data because they were 

most likely the result of unmated females. 

Progeny sex ratios of inbred generations were higher than the corresponding control 

groups, except for B-S 1 and 4 (Figure 2.4a). Sex ratios also increased over successive 

inbreeding generations, starting from 0.36 ± 0.03 SE at B-S 3 up to 0.51 ± 0.04 SE at B-S 6 

(Figure 2.4a; Table S2.4). However, no adult diploid males were found among 109 tested 

males in the last two inbred generations (B-S 5 and B-S 6). These results indicate that the 

increase in male production in the course of inbreeding is due to a decrease in fertilization 

proportion of inbred females rather than diploid male production. 

Brood sizes of B-S 1 to B-S 3 did not differ significantly (Figure 2.4b; Table S2.4). However, 

there was no indication that this resulted from an increase in diploid males that died at an 

early developmental stage. Adult wasp proportion did not systematically decrease from B-

S 1 to B-S 4, but increased to 0.91 ± 0.03 in B-S 5 (Figure 2.4c; Table S2.4). Although this 

observation suggests that the parasitization rate of L. clavipes increased in the inbred group, 

we cannot tell whether it was due to inbreeding, as the adult wasp proportion of inbred 

groups were not consistently different from control groups (Figure 2.4c; Table S2.4). Non-

emerged fly pupa proportions increased over inbred generations (Figure 2.4d). In B-S 4 to 6 

these pupae were opened to sex the dead wasps that were contained in them. In total, 520 

out of 605 dead wasps (86%) were females among 43 out of 110 broods tested. Therefore, 

the increased non-emerged fly pupa proportion was not due to diploid male production but 

due to decreased viability of wasps. We conclude that the inbreeding of L. clavipes yields 

no evidence for CSD.  
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Figure 2.3 Sex ratio (a), brood size (b), adult wasp proportion (c), and non-emerged fly pupa proportion 

(d) of outcross and successive generations of inbred and control groups in L. heterotoma. M-S and B-

S indicate mother-son cross and brother-sister cross. The central rectangle of the plot indicates the 

interquartile range, and the line inside represents the median. The bars above and below the rectangle 

indicate 1.5 times the interquartile range. Black dots are outliers that are outside 1.5 times the 

interquartile range. Significant differences between means of inbred and control groups within 

generations are indicated by asterisks (*Tukey test P < 0.05, ns = not significant). The numbers below 

the plots are the sample sizes of each group and generation.  
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Figure 2.4   Sex ratio (a), brood size (b), adult wasp proportion (c), and non-emerged fly pupae 

proportion (d) of outcross and successive generations of inbred and control groups in L. clavipes. B-S 

indicates brother-sister cross. The central rectangle of the plot indicates the interquartile range, and 

the line inside represents the median. The bars above and below the rectangle indicate 1.5 times the 

interquartile range. Black dots are outliers that are outside 1.5 times the interquartile range. 

Significant differences between means of inbred and control groups within generations are indicated 

by asterisks (*Tukey test P < 0.05, ns = not significant). The numbers below the plots are the sample 

sizes of each group and generation.  



Absence of complementary sex determination in two Leptopilina species  

 
37 

Simulations of CSD in L. heterotoma  

The simulations predicted proportions of diploid males (proportion male in diploids) and 

progeny sex ratio (proportion male) under 1, 2, 5, and 10 CSD loci based on our actual data. 

In L. heterotoma, following an M-S cross, 50% of all diploid (fertilized) eggs were expected 

to be homozygous in the next generation under sl-CSD, whereas this percentage would be 

lower with ml-CSD, but approaching towards 50% over successive inbreeding generations 

(Figure 2.5). For both L. heterotoma and L. clavipes, we find that the observed sex ratios do 

not deviate from the expected operational sex ratio under both sl- and ml-CSD (Figure 2.5A). 

This lack of power is different from the simulation results of, for example, Ma et al. (2013), 

which is caused by low brood sizes in our experiments. However, the absence of diploid 

males in our experiment differs markedly from the expected diploid sex ratio under sl-CSD 

in L. heterotoma (Figure 2.5B, top-left panel), where we instead expect a diploid sex ratio 

of approximately 0.3 to 0.7. In all other simulations, the absence of diploid males does not 

deviate as strongly from the simulated diploid sex ratios, though the overall absence of 

diploid males in the experiment may nonetheless be sufficient proof for the absence of CSD 

in both species (see Discussion). 
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Figure 2.5 Simulated sex ratios under CSD versus observed sex ratios. (A) Operational sex ratio (total 

males / total offspring). (B) Diploid sex ratio (diploid males / (diploid males + females)).  In (A) and (B), 

the experimental sex ratio refers to the proportion of male offspring observed in the inbreeding 

experiment; note that for B, this does not equal the observed diploid sex ratio as we did not detect 

any diploid males (indicated by black triangles). Points indicate the mean offspring sex ratio, whereas 

whiskers indicate the 95% CI interval. Shaded areas indicate the 95% CI for simulated sex ratios (A = 

OSR, B = diploid SR) assuming CSD (N = 10 000 replicates); solid pink lines indicate the mean simulated 

sex ratio. Horizontal strips indicate the number of unlinked csd loci, whereas vertical stripes indicate 

species. All F0 crosses are outcrosses; F1 crosses are either mother-son (L. heterotoma) or brother-

sister crosses (L. clavipes); all subsequent crosses are brother-sister crosses for both species. 
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Discussion 

We tested for CSD in L. heterotoma and L. clavipes through successive inbreeding crosses. 

Seven generations of inbreeding of L. heterotoma did not result in an increase in progeny 

sex ratio, and no diploid males were found. High numbers of all-male broods were observed, 

but these were not higher in the inbred than control groups. These all-male broods were 

most likely the result of non-mating, which is known to occur at high frequency in our 

cultures. They were therefore excluded from the data analyses. Other indicators for 

(inviable) diploid males following inbreeding were also negative, such as no increase of all-

male broods, no decrease of brood size, no decrease of adult wasp proportion, and no 

increase of non-emerged fly pupae proportion. We conclude that L. heterotoma does not 

have CSD. 

Male production of L. clavipes increased in the course of inbreeding, but at the same time, 

brood size decreased, and the proportion of non-emerged fly pupa increased. This could be 

an indication of increasing production of inviable diploid males, but the non-emerged wasps 

contained in the fly pupae were mostly females. Hence, the increase in progeny sex ratios 

appears to be due to a decrease in diploid female survival. This points at an inbreeding 

effect, i.e., reduced survival of diploid females following an increase in homozygosity, which 

is to be expected for females in haplodiploid species as they are the diploid sex (Werren 

1993; Henter 2003). We, therefore, conclude that L. clavipes does not have CSD either.  

As additional support for our conclusion of CSD absence, we performed simulations of our 

data to predict diploid male production and progeny sex ratios under CSD with 1, 2, 5, and 

10 loci. In the simulations, we found that only under sl-CSD in L. heterotoma, the 95% CI for 

the diploid sex ratio did not include 0% males. Although the 95% CI for the simulated diploid 

sex ratios for all other categories includes the observed diploid sex ratio of 0%, these results 

do not necessarily support the presence of ml-CSD in L. heterotoma or sl- or ml-CSD in L. 

clavipes. This is because these CIs refer to the offspring sex ratios of individual broods rather 

than the sex ratio taken across all broods. Under these scenarios, the probability of 

observing no diploid males in a single brood may be non-zero, but the probability of 

observing no diploid males in all broods decreases nonetheless. Taken across all 

investigated broods, we may therefore conclude that the lack of diploid males lends strong 

support for the notion that CSD is absent in both species.  

Hey and Gargiulo (1985) reported that six generations of inbreeding in L. heterotoma did 

not increase offspring sex ratio compared to outbred control populations, but they did not 

determine the sex ratio every inbreeding generation. They found an average sex ratio of 

approximately 0.65 in their cultures, compared to 0.32 in our study. This may be caused by 
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the fact that these authors did not exclude all-male broods from their analysis. If we would 

also include the all-male broods, overall sex ratios would indeed increase up to a 

comparable 0.55 for L. heterotoma and 0.69 for L. clavipes. Thus, our results are comparable 

with those of Hey and Gargiulo (1985) and provide more substantial evidence for the 

absence of CSD in L. heterotoma. 

The absence of CSD in L. heterotoma and L. clavipes is consistent with the hypothesis that 

CSD is absent in the family Cynipoidea, in which endosymbiont-induced thelytokous 

reproduction is widespread (Asplen et al. 2009). Wolbachia-induced thelytoky in L. clavipes 

is caused by gamete duplication (Pannebakker et al., 2004b), which is thus far the 

mechanism of all cytologically investigated cases of Wolbachia-induced thelytoky in 

Hymenoptera (Ma and Schwander 2017). Consistent with this, Wolbachia-induced 

thelytoky is mainly restricted to the hymenopteran families Chalcidoidea and Cynipoidea, 

for which CSD has not been reported thus far (van Wilgenburg et al. 2006). However, for 

other cases of endosymbiont-induced thelytoky, such as by Rickettsia in the wasp 

Neochrysocharis formosa (family Eulophidae), heterozygosity is partly maintained (Adachi-

Hagimori et al. 2008). Thus, CSD can be compatible with this type of thelytoky. To gain a 

better picture of the phylogenetic discordance between CSD and thelytoky in the 

Hymenoptera, a screening of thelytoky induced by other endosymbionts and study of the 

cytological details of these cases is required. 

Our results indicate that CSD is absent in the two studied Leptopilina species, but it remains 

unknown what the non-CSD sex determination mechanism is. Many other hymenopteran 

species have been reported to lack CSD (van Wilgenburg et al. 2006; Heimpel and de Boer 

2008; Harpur et al. 2013), but the only described non-CSD mechanism is the maternal effect 

genomic imprinting (MEGISD) of Nasonia vitripennis (Beukeboom et al. 2007; van de Zande 

and Verhulst 2014). Unlike CSD that relies on heterozygosity of complementary sex 

determination loci, this mechanism requires a maternally silent but paternally activate wasp 

overruler of masculinization (wom) gene and maternal provision of transformer mRNA 

(Verhulst et al. 2010, 2013; Zou et al. 2020). This mechanism has thus far not been found in 

other hymenopterans. The mechanism of sex determination of L. clavipes in relation to 

Wolbachia infection will be the focus of the next chapters of this thesis.  
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Supplementary material 

Table S2.1. Number of hosted females, parasitizing females, females that produced daughters, 

females that only produced sons, and females that produced no offspring in inbred and control groups 

over successive generations of inbreeding in L. heterotoma. SC-VB represents the strain generated by 

the outcross between SC female and VB male, VB-SC represents the strain generated by the outcross 

between VB female and SC male. The bold numbers indicate significant higher proportions in the 

inbred group than the corresponding control group. 

    Inbred group Control group 

  Generation 
No. 
hosted 
females 

No. 
(percentage) 
parasitizing 
females 

No. 
(percentage) 
females that 
only produced 
sons 

No. 
hosted 
females 

No. 
(percentage) 
parasitizing 
females 

No. 
(percentage) 
females that 
only produced 
sons 

Overall 

M-S 353 299 (85) 95 (32) 94 80 (85) 37 (46) 

B-S 1 147 126 (86) 97 (77) 148 132 (89) 115 (87) 

B-S 2 120 113 (94) 80 (71) 119 103 (87) 68 (66) 

B-S 3 106 91 (86) 25 (27) 104 92 (88) 44 (48) 

B-S 4 55 52 (95) 23 (44) 56 54 (96) 35 (65) 

B-S 5 50 48 (96) 22 (46) 48 45 (94) 35 (78) 

B-S 6 54 52 (96) 8 (15) 53 53 (100) 9 (17) 

Total 885 781 (88) 350 (45) 622 559 (90) 343 (61) 

SC-VB 

M-S 199 166 (83) 45 (27) 50 46 (92) 18 (39) 

B-S 1 79 68 (86) 55 (81) 78 73 (94) 63 (86) 

B-S 2 57 52 (91) 44 (85) 56 49 (87) 34 (69) 

B-S 3 46 43 (93) 13 (30) 45 41 (91) 16 (39) 

B-S 4 16 15 (94) 9 (60) 15 14 (93) 8 (57) 

B-S 5 11 11 (100) 3 (27) 10 9 (90) 6 (67) 

B-S 6 14 14 (100) 4 (29) 14 14 (100) 4 (29) 

Total 422 369 (87) 173 (47) 268 266 (99) 149 (56) 

VB-SC 

M-S 154 133 (86) 50 (38) 44 34 (77) 19 (56) 

B-S 1 68 58 (85) 42 (72) 70 59 (84) 52 (88) 

B-S 2 63 61 (97) 36 (59) 63 54 (86) 34 (63) 

B-S 3 60 48 (80) 12 (25) 59 51 (86) 28 (55) 

B-S 4 39 37 (95) 14 (38) 41 40 (98) 27 (68) 

B-S 5 39 37 (95) 19 (51) 38 36 (95) 29 (81) 

B-S 6 40 38 (95) 4 (11) 39 39 (100) 5 (13) 

Total 463 412 (89) 177 (43) 354 313 (88) 194 (62) 
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Table S2.3 Number of hosted females, parasitizing females, females that produced daughters, females 

that only produced sons, and females that produced no offspring in inbred and control groups over 

successive generations of inbreeding L. clavipes. CA1-EPG2 represents the strain generated by the 

outcross between CA1 female and EPG2 male, EPG2-CA1 represents the strain generated by the 

outcross between EPG2 female and CA1 male. The bold numbers indicate significant higher 

proportions in the inbred group than the corresponding control group. 

    Inbred group Control group 

  Generation 
No. 
hosted 
females 

No. 
(percentage) 
parasitizing 
females 

No. 
(percentage) 
females that 
only produced 
sons 

No. 
hosted 
females 

No. 
(percentage) 
parasitizing 
females 

No. 

(percentage) 

females that 

only 

produced 

sons 

Overall 

B-S 1 388 311 (80) 232 (70) 260 221 (90) 192 (87) 

B-S 2 364 296 (81) 247 (83) 275 224 (81) 206 (92) 

B-S 3 255 195 (76) 141 (72) 176 144 (82) 119 (83) 

B-S 4 166 148 (89) 85 (58) 116 102 (88) 97 (87) 

B-S 5 76 61 (80) 37 (61) 60 51 (85) 49 (96) 

B-S 6 57 43 (75) 20 (47) 47 41 (87) 41 (100) 

Total 1306 1054 (81) 762 (72) 934 783 (84) 704 (90) 

CA1-EPG2 

B-S 1 257 208 (81) 148 (67) 157 130 (83) 112 (86) 

B-S 2 231 197 (85) 183 (93) 166 145 (87) 140 (97) 

B-S 3 107 77 (72) 54 (70) 82 61 (74) 54 (89) 

B-S 4 53 49 (92) 48 (98) 52 49 (94) 49 (100) 

B-S 5 14 10 (71) 10 (100) 12 7 (58) 5 (71) 

B-S 6 0 0 (0) 0 (0) 0 0 (0) 0 (0) 

Total 662 541 (82) 443 (82) 469 392 (84) 360 (92) 

EPG2-CA1 

B-S 1 131 103 (79) 84 (75) 103 91 (88) 80 (88) 

B-S 2 133 99 (74) 64 (64) 109 79 (72) 66 (84) 

B-S 3 148 118 (80) 87 (73) 94 83 (88) 65 (78) 

B-S 4 113 99 (88) 37 (29) 64 53 (83) 48 (91) 

B-S 5 62 51 (82) 27 (53) 48 44 (92) 44 (100) 

B-S 6 57 43 (75) 20 (47) 47 41 (87) 41 (100) 

Total 644 513 (80) 319 (62) 465 391 (84) 344 (88) 
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Abstract 

Endosymbionts can induce parthenogenetic (thelytokous) reproduction in 

haplodiploid insects. In the parasitoid wasp Asobara japonica, Wolbachia-induces 

thelytoky via a Wolbachia titer-dependent two-step mechanism: the generation of 

diploid instead of haploid eggs (diploidization), that occurs already at low titers, 

and female development of the uniparental diploid embryo (feminization), which 

requires higher titers. It implies that this feminization step is dependent on the 

presence of female-specific transformer (tra) mRNA in early embryos and the 

endosymbiont interferes with the host's sex determination pathway, but the 

mechanistic details remain unknown. Here, we investigate whether the ovarian 

expression level and the relative amount of splicing isoforms of tra depends on 

Wolbachia titer in thelytokous females. Lowering Wolbachia titers through 

antibiotic treatment resulted in a reduction in ovarian female-specific splice forms 

of tra mRNA, while the overall amount of tra mRNA did not change. This shift in 

splicing of tra transcripts, most likely from female to male isoforms, coincides with 

an increase of male progeny. Our results indicate that alteration of the maternal 

provision of tra mRNA isoforms in infected wasps occurs during oogenesis and may 

be necessary to ensure feminization of the offspring.  
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Introduction 

Endosymbionts, such as Wolbachia, Cardinium, and Rickettsia, are known to distort the sex 

ratio of their arthropod host by causing female-biased progenies (Duron et al. 2008; Werren 

et al. 2008; Engelstädter and Hurst 2009; Cordaux et al. 2011; Ma et al. 2014). One extreme 

phenotype induced by these endosymbionts is parthenogenesis (Stouthamer 1997), a form 

of asexual reproduction that is abundant in hymenopteran insects with haplodiploid 

reproduction (Kageyama et al. 2012; Ma et al. 2014). Under haplodiploidy, sexual 

reproduction is termed arrhenotoky: unfertilized haploid eggs develop into males, and 

fertilized diploid eggs develop into females. Asexual reproduction induced by 

endosymbionts is termed thelytoky: unfertilized, diploidized eggs develop into females 

(Suomalainen et al. 1987; Cook 1993). It has recently been shown for several species that 

diploidization by itself is not sufficient for female development and that endosymbionts 

actively induce feminization of diploid embryos (Giorgini et al. 2009; Tulgetske 2010; Ma et 

al. 2015). In Trichogramma kaykai, partial removal of Wolbachia in thelytokous females led 

to haploid and diploid male progeny (Tulgetske 2010). Ma et al. (2015) showed that in 

Wolbachia-infected Asobara japonica, feminization and diploidization require specific and 

different Wolbachia titers. Based on this observation, they proposed a two-step model for 

Wolbachia-induced thelytoky. Absence or low levels of Wolbachia results in haploid eggs 

that develop into males, an intermediate Wolbachia titer leads to diploidization of 

unfertilized eggs, that mostly develop into diploid males, whereas a high Wolbachia titer 

ensures diploid embryos from unfertilized eggs to undergo feminization and develop into 

diploid females (Ma et al. 2015). At the brood level, low Wolbachia density leads to all 

haploid male progeny, intermediate density to a mixture of haploid males, diploid males, 

and females, and a high titer to all diploid female progeny. It is currently not clear whether 

the requirement of an additional feminization step has general applicability to many other 

thelytokous species. This requires the testing of many previously reported cases of 

endosymbiont-induced parthenogenesis. It is also not known whether the feminization step 

occurs during oogenesis or during embryo development. 

An interesting finding is that Wolbachia's presence correlates with the presence of female-

specific isoforms of the sex determination gene transformer (tra) transcript in embryos of 

A. japonica, which are most likely maternally provided (Geuverink 2017). Female-specific 

tra mRNA (traF) translates into a functional TRA protein that directs the splicing of female-

specific mRNA of the down-stream gene doublesex (dsx) and initiates female development. 

Male development follows when male-specific tra mRNA (traM) is transcribed. TraM 

translates into a non-functional TRA protein, and, as a result, male-specifically spliced dsx 

mRNA (dsxM) is produced. Geuverink (2017) found that early embryos from thelytokous A. 
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japonica females that are infected by Wolbachia contain female-specific traF (Aj-traF) 

mRNA, whereas early embryos from uninfected arrhenotokous females do not. If the 

Wolbachia are removed from thelytokous females by antibiotic treatment,  Aj-traF mRNA is 

absent in early embryos. The male-specific splice form (Aj-traM) is present in early embryos 

of both thelytokous and arrhenotokous females. In addition, a third splice form, non-sex-

specific (Aj-traNSS) mRNA, is also present in early embryos of both reproductive modes. Aj-

traF presence in early embryos exclusively under Wolbachia infection indicates that 

Wolbachia interferes with the splicing regulation of Aj-tra transcripts during oogenesis in 

thelytokous females because gene expression in early embryos is expected to be initiated 

at a later stage.  

As proposed by the two-step model, feminization and diploidization occur at different 

densities of Wolbachia. To investigate if Wolbachia titer is correlated with the splicing 

pattern and expression level of Aj-tra transcripts during oogenesis, we experimentally 

altered Wolbachia titer by treating females with various concentrations of antibiotics and 

subsequently determined the splicing pattern and expression level of ovarian Aj-tra mRNA. 

We also determined the proportions of haploid male, diploid male, and female progeny as 

a function of Wolbachia titer. We discuss our findings in the context of the two-step 

mechanism of Wolbachia-induced thelytoky. 

Material and methods 

Strains and culturing 

Thelytokous strain Kagoshima (KG) was used (Murata et al. 2009). It was originally collected 

in Japan and kindly provided by M. T. Kimura. Females were hosted individually on second 

instar Drosophila melanogaster larvae at 25 °C under constant light. 

Antibiotic treatment  

KG females were treated with different concentrations of tetracycline (Sigma-Adlrich, St. 

Louis, USA) for removal of Wolbachia. The procedure was adapted from a rifampicin 

treatment to feed the host larvae antibiotics, and the parasitic wasp grew up with digesting 

tissue and hemolymph of the treated hosts (Dedeine et al. 2001; Ma et al. 2015). A 

concentration gradient of antibiotics was applied as the relative amount of tetracycline to 

yeast, and ranged from 1.000, 0.500, 0.250, 0.125, 0.063, 0.031, 0.016, 0.008 to 0.004 mg/g 

tetracycline/yeast. As the ingestion of tetracycline by the wasps could not be controlled, 

the efficiency of the treatment was determined by measuring the Wolbachia titer of a 

subset of females after one generation of the treatment. Wolbachia titer of females treated 

with water and absolute ethanol (dissolving agent of tetracycline) was taken as a baseline 
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to determine the efficiency of antibiotic treatment. Other females were used to measure 

tra expression in ovaries and for breeding the next generation to determine progeny sex 

ratio. 

Wolbachia titer determination 

The Wolbachia titer of an individual wasp is expressed as the ratio of the relative number 

of Wolbachia cells to wasp cells in the whole female body. Genomic DNA was extracted 

from individual wasps following a high-salt protocol (adapted from Aljanabi and Martinez 

1997). Quantitative real-time PCR (qPCR) was performed to measure the number of β-barrel 

assembly machine component A (BamA), which is specific for Wolbachia in A. japonica 

(wAjap), and A. japonica specific Elongation factor 1-alpha (Aj-Ef1a) DNA copies in 

individual females on an Applied Biosystems 7300 Real-Time PCR System (Foster City, CA, 

USA).  Each reaction consisted of 5 µl of 10-fold DNA dilution, 10 µl of 2x PerfeCTa SYBR 

Green FastMix (QIAGEN Beverly Inc., Beverly, MA, USA), and 0.5 µl of 1 mM forward and 

reverse primers each (BamA_wLclaF2/R2: 5’-AGGATATTTCAGGATTGGGAGG-3’/5’-

TTTGTCTTCTGCTCTTGGTC-3'; ef1a_dna_ajapF1/R1: 5’-GAACCACCCAGGACAAATCAG-3’/5’-

TCACAGCCTTAATAACACCGA-3'), and 4 µl water. The qPCR profile was similar for both 

reference genes and as follows: 95°C for 3 minutes, 45 times of a cycle that included a 

denaturing of 95°C for 15 seconds, an annealing of 57°C for 30 seconds at, and an extension 

of 72°C for 30 seconds, and a final dissociation process included 95°C for 15 seconds, 60°C 

for 1 minute, 95°C for 15 seconds, and 60°C for 15 seconds. A starting concentration of each 

gene was calculated by LinRegPCR (Ruijter et al. 2009). Wolbachia titer was determined by 

dividing the starting concentration of BamA by half of Aj-Ef1a in the whole female body, as 

females are diploid that doubles the Aj-Ef1a copies per cell.  

Progeny sex ratios and individual ploidy level 

As fully cured, thelytokous females produce only sons, whereas partially cured females are 

expected to produce both sons and daughters, proportions of males among progenies of 

thelytokous females were compared, indicating a function of different Wolbachia titers. In 

addition, male offspring of cured thelytokous females were frozen at -20°C for a later ploidy 

level test. Ploidy level was determined by flow cytometry according to de Boer et al. (2007). 

In short, heads of adults were homogenized in 250 ml Galbraith buffer, and the 

homogenized solution was stained with 10μl propidium iodide (2.5 mg/ml). Samples were 

measured on a Miltenyi Biotec MACSQuant analyzer and analyzed with Kaluza software 

(version 2.1). Diploid female and haploid male individuals of the OG strain, in addition to 

females of KG females, were used as references to classify the ploidy of males in thelytokous 

progenies. 
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Ovarian isoforms of Aj-tra mRNA 

Female ovaries were collected to analyze the isoform composition of Aj-tra transcripts. 

Ovary RNA was extracted with TRIzol (Invitrogen, Carlsbad, California, USA) reagent 

following the manufacturer's instructions and converted to cDNA using RevertAid H Minus 

First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA). Relative expression of Aj-

traNSS mRNA and total Aj-tra mRNA was measured separately with quantitative real-time 

PCR (qPCR). The used primers were Ajap_traNSS_qF4/Ajap_traU_qR1 (5’-

ACGAAGAGAAGGAGAAGGTG-3’/5’-CTATAATAATTGTCCGACGCTCTG-3’) and 

Ajap_exon1qF1/Ajap_exon2qR1 (5’-GTTGTCCACGAATGTCTTGC-3’/5’-

AGTCCCTCAATCGTTCATCACC-3’) for Aj-traNSSmRNA and Aj-tra mRNA respectively. As a 

reference, Aj-Ef1a expression was used with primer set Ajap_ef1a_F3/R3 (5’-

GATAAAGCCCTCCGTCTTCC-3’/5’-TCTGTGAGTGATTCGTGGTG-3'). The reaction program was 

similar to the qPCR that determines the relative amount of BamA, except for an annealing 

temperature of 57°C in the reaction profile for both Aj-tra and Aj-traNSS mRNA. In addition, 

a primer that can amplify both cDNAs that were converted from Aj-traF and Aj-traNSS mRNA 

was used to determine the splicing pattern of Aj-tra mRNA transcripts in ovaries. This PCR 

was performed with the primer set Ajap_traFsplice_F3/R3 (5’-TGAATTGAAGAAGCAACGGA-

3’/5’- CTCTGGAATGACGACTTTGTG-3’). 1µl of 10-fold diluted cDNA was used in a reaction 

volume of 20 µl and denatured at 94°C for 3 minutes, 40 cycles of 94°C for 30 seconds, 58°C 

for 30 seconds and 72°C for 120 seconds, and an extension at 72°C for 7 minutes. The PCR 

products that were amplified from the Aj-traF and Aj-traNSS transcripts can be discriminated 

by their size upon agarose gel electrophoresis. 

Data analysis 

Data were analyzed in R (R core team, 2019). Kruskal-Wallis test was used for comparing 

Wolbachia titer, progeny sex ratios (proportion males, i.e., number of males divided by 

brood size), and relative expression of Aj-tra and Aj-traNSS mRNA in ovaries of females under 

different tetracycline treatments. Significant differences were subsequently analyzed by 

Dunn's test for multiple comparisons (Ogle et al. 2019).   

Results 

Antibiotic concentration and Wolbachia titer 

Wolbachia titer was determined as the ratio of the number of Wolbachia cells to wasp cells 

in the whole female body, measured by the concentration of BamA relative to half of Aj-

Ef1a gene. Wolbachia titer of treated thelytokous females decreased with increasing 

concentration of antibiotics (Figure 3.1a. Kruskal-Wallis test χ2 = 74.7, P < 0.0001). The 



 The splicing isoforms of ovarian transformer transcript depend on  
Wolbachia titer in Asobara japonica  

 
65 

average (± SE) Wolbachia titer of water and ethanol-treated (control) females was 3.660 ± 

0.310. Partial curing occurred in the range between antibiotic concentrations of 0.004 mg/g 

(titer 3.256 ± 0.320) and 0.031 mg/g (titer 0.208 ± 0.092), where the Wolbachia titer 

decreased to 88.9% to 5.7% compared to water and ethanol-treated females 

(Supplementary Table S3.1). Antibiotic concentrations of 0.063 mg/g and higher led to 

Wolbachia titers lower than 0.033 ± 0.019 (treatment 0.125 mg/g), corresponding to a 

decrease in titer of more than 99.1%. 

Progeny sex ratio and individual ploidy level 

Proportion males among progenies of thelytokous females increased with increasing 

antibiotic concentration (Figure 3.1b. Kruskal-Wallis test χ2 = 81.1, P < 0.0001). Untreated 

thelytokous females produced only daughters (Table 3.1). Partially cured females produced 

few sons and mostly daughters. For antibiotic concentrations 0.004, 0.008, and 0.016 mg/g, 

there were 1% (2 out of 354), 7% (24 out of 323), and 6% (17 out of 267) males produced 

respectively (Table 3.1). Females treated with 0.031, 0.063, and 0.125 mg/g produced 

mostly sons and some daughters, i.e., 73% (253 out of 346), 99% (191 out of 193), and 97% 

(148 out of 152) males, respectively. Females treated with 0.25 mg/g or higher 

concentration of antibiotic produced only sons. At antibiotic concentrations 0.004 to 0.031 

mg/g, 11 diploid males were found out of 65 tested males, whereas none diploid males 

were found out of 107 tested males at concentrations 0.063 mg/g and higher, except that 

3 diploid males out of 30 males were found produced by females treated with 1mg/g 

antibiotics (Table 3.1). The proportion of diploid males did not differ between progenies 

that contained at least one diploid male (Kruskal-Wallis test χ2 = 81.1, P = 1.611). 
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Figure 3.1 Wolbachia titer (a), offspring sex ratio (b, proportion male), splicing pattern of ovarian Aj-

tra mRNA (c), and relative expression (RE) of ovarian Aj-tra (d) and Aj-traNSS (e) of thelytokous females 

treated with different concentrations of tetracycline. 0 (Water) and 0 (Ethanol) are the control 

treatments with no tetracycline. In (a) and (b), letters a to d indicate significant differences between 

treatments. Means are given as diamonds for each treatment. 
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Table 3.1 Number of male and female progeny, number of tested males for ploidy, and number of 

haploid and diploid males produced by thelytokous females under different concentrations of 

antibiotics (tetracycline/yeast; mg/g). 

Antibiotic 

concentration  
Offspring Male  Female  

Tested 

male  

Haploid 

male 

Diploid 

male 

Diploid male 

percentage  

0 

(Water) 
345 0 345 0 0 0 0 

0 

(Ethanol) 
133 0 133 0 0 0 0 

0.004 354 2 352 1 0 1 100.0 

0.008 323 24 299 21 17 4 19.0 

0.016 267 17 250 10 8 2 20.0 

0.031 346 253 93 33 29 4 12.1 

0.063 193 191 2 25 25 0 0 

0.125 152 148 4 27 27 0 0 

0.25 383 383 0 25 25 0 0 

0.5 288 288 0 30 30 0 0 

1 413 413 0 30 27 3 10.0 

Grand Total 3197 1719 1478 201 188 13 6.5 

 

Ovarian Aj-tra mRNA transcripts  

Relative expression of Aj-traF mRNA cannot be measured separately because the only 

candidate region for designing Aj-traF specific primers is very similar to a fragment in Aj-

traNSS mRNA (Geuverink 2017). Aj-traNSS mRNA can however be measured separately, as it 

possesses a fragment that is not covered by Aj-traF mRNA or other transcripts.  

The splicing pattern of ovarian Aj-tra transcripts switched in concordance with Wolbachia 

titer (Figure 3.1c). Aj-tra pre-RNA was mostly spliced into Aj-traF mRNA in the ovaries of 

females that were fed low concentrations (0.004 and 0.008 mg/g) of antibiotics. This is 

comparable to the splicing into only Aj-traF mRNA in control females. Aj-tra mRNA was 

spliced into both Aj-traF and Aj-traNSS in females fed 0.031 mg/g and higher concentrations 

of antibiotics. Notably, there was no significant difference in relative expression of overall 

Aj-tra in females treated with different concentrations of antibiotics, and the relative 

expression of Aj-traNSS transcripts did not differ either  (Figure 3.1d and 3.1e, Kruskal-Wallis 

test Aj-tra: χ2 = 9.1, P = 0.42; Aj-traNSS: χ2 = 9.2, P = 0.57). The switch in the Aj-tra mRNA 
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splicing pattern, therefore, indicates a decrease of Aj-traF mRNA expression with the 

decrease of Wolbachia titer.  

Discussion 

The aim of this study was to gain more insight into the two-step model of thelytoky 

induction. With the treatment of thelytokous A. japonica larvae with a series of antibiotic 

concentrations, we established a gradient of Wolbachia titer in adult females. With an 

increase in antibiotic concentration, the proportion of male offspring of treated females 

increased. We simultaneously measured Wolbachia titer and the concentration of ovarian 

Aj-tra mRNA splice forms in thelytokous females to test whether the expression level, 

splicing pattern, or both, changed along with the increase of Wolbachia titer. We observed 

a gradual shift in the splicing of Aj-tra to Aj-traF transcripts in the ovaries of females with an 

increasing Wolbachia titer. Our study was partly prompted by the observation of Geuverink 

(2017) that in early embryos of Wolbachia-infected females, Aj-traF mRNA is present but 

absent in embryos from arrhenotokous females without Wolbachia as well as of females 

that have been cured of Wolbachia. We found that relative expression of overall Aj-tra (all 

splice forms pooled) was not dependent on Wolbachia titer. As the expression of Aj-traNSS 

in the ovaries also did not depend on Wolbachia titer, the observed higher level of Aj-traF 

mRNA in thelytokous females is, therefore, the result of a shift in the amount of Aj-traM to 

Aj-traF mRNA. These results indicate that the composition of ovarian Aj-tra mRNA isoforms 

is dependent on Wolbachia titer. 

In the two-step model for Wolbachia-induced thelytokous female development, the 

feminization step requires a high Wolbachia titer, whereas the diploidization step occurs at 

a lower titer (Ma et al. 2015). We found that a reduction of Aj-traF mRNA results in fewer 

daughters produced by thelytokous females. Our study is thus consistent with the two-step 

model and indicates that the presence of Aj-traF mRNA in early embryos is a result of the 

maternal provision. This second feminization step is effectuated in the ovaries and is 

dependent on Wolbachia titer. Functional confirmation of this role of Aj-traF could come 

from an RNA interference study. If the feminization step is not activated, but the 

diploidization step is not affected, females with a knock-down Aj-traF mRNA provision are 

predicted to produce diploid sons rather than diploid daughters. Our results further indicate 

that Wolbachia induces the alteration of the splicing of male-specific tra mRNA isoforms 

into female-specific isoforms to ensure feminization of the offspring. This indicates that the 

complete two-step mechanism of Wolbachia-induced thelytoky in A. japonica is effectuated 

during oogenesis. 
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To understand why Wolbachia alters the ovarian tra mRNA isoforms in A. japonica, we need 

to consider the sex determination pathway of A. japonica. The first question is whether the 

binary switch function of Aj-tra to an active female splice form and an inactive male splice 

form is conserved in A. japonica sex determination. In arrhenotokous females, after the 

zygotic transcription of Aj-tra starts, the expression of Aj-traF mRNA continues throughout 

development (Geuverink 2017). Female-specific dsx (Aj-dsxF) mRNA starts to appear after 

the expression of Aj-traF mRNA (Geuverink, unpublished data). Embryos that only contain 

Aj-traM transcripts develop into males and contain male-specific dsx (Aj-dsxM) (Geuverink, 

2017; Geuverink, unpublished data). These observations suggest that female development 

requires that functional AJ-TRA directs the expression of Aj-dsxF transcript and that absence 

of Aj-traF expression leads to Aj-dsxM transcript and male development  (Figure 3.2). This is 

similar to the role of tra in Apis mellifera and Nasonia vitripennis, as well as species outside 

Hymenoptera (Gempe et al. 2009; Verhulst et al. 2010a; Geuverink and Beukeboom 2014). 

This role of tra can be verified by reducing Aj-traF mRNA and check whether Aj-dsxF 

expression will be affected.    
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If the binary switch function of Aj-tra is conserved in A. japonica, the next key question is 

how to initiate the zygotic expression of Aj-traF mRNA for female development. A conserved 

mechanism in insects is that females maternally provide traF mRNA to eggs and initiate an 

auto-regulation of tra during zygotic development, in which TRA serves to ensure traF mRNA 

splicing (Pane et al. 2002; Lagos et al. 2007; Ruiz et al. 2007; Concha and Scott 2009; Hediger 

et al. 2010; Shukla and Palli 2012). In N. vitripennis, females provide traF mRNA to eggs, and 

a trans-acting factor on the paternally provided genome  is required to promote tra 

transcription so that auto-regulation can be established (Verhulst et al. 2010). In 

arrhenotokous A. japonica, however, maternal provision of Aj-traF mRNA is absent. 

Therefore, if maternal provision of traF is important, a different mechanism of female 

induction must exist. As fertilized eggs develop into females, the initiation of the zygotic Aj-

traF mRNA requires the input of the paternal genome. This paternal input could be the 

transcription of a splicing factor from the paternal genome or a trans-acting factor that 

promotes the activation of a maternal provisioned splicing factor. In thelytokous A. 

japonica, Wolbachia alters maternal provision of tra mRNA isoform into Aj-traF. As our study 

suggests, this Aj-traF mRNA provision could be responsible for feminization, so that it is able 

to initiate zygotic Aj-traF mRNA expression. Aj-traF mRNA provision may take over the role 

of the paternal genome for inducing female development. Alternatively, there may also 

exist another Wolbachia-induced factor to replace the input of the paternal genome under 

arrhenotoky. Further study is required to verify whether Aj-traF mRNA is essential for 

thelytokous female development, as well as for identifying the paternal factor in A. japonica 

arrhenotokous sex determination. Such studies can also provide further evidence that 

Wolbachia has taken over the role of the paternal genome to initiate zygotic Aj-tra 

expression to induce female development in thelytkous A. japonica. 
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Supplementary material 

Table S3.1 Average (± SE) of Wolbachia titer, the decrease of Wolbachia titer, and pooled progeny sex 

ratio (male proportion) of females under different concentrations of antibiotics (tetracycline/yeast; 

mg/g). 

Antibiotic 

concentration  

Average (± SE) 

Wolbachia titer 

Decrease of  

Wolbachia titer 

Pooled progeny  

sex ratio 

0 3.660 ± 0.310 - 0.00 

0.004 3.256 ± 0.320 11.1% 0.01 

0.008 2.472 ± 0.214 32.5% 0.07 

0.016 1.528 ± 0.353 58.3% 0.06 

0.031 0.208 ± 0.092 94.3% 0.73 

0.063 0.004 ± 0.001 99.9% 0.99 

0.125 0.033 ± 0.019 99.1% 0.97 

0.25 0.003 ± 0.001 99.9% 1.00 

0.5 0.003 ± 0.001 99.9% 1.00 

1 0.003 ± 0.001 99.9% 1.00 
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Abstract 

A Wolbachia-titer-dependent two-step mechanism has been proposed for 

Wolbachia-induced thelytokous reproduction in the parasitoid wasp Asobara 

japonica. Diploidization of the haploid egg occurs at low titer, followed by the 

feminization of the diploid embryo that requires a higher titer. It is unclear whether 

this model applies more broadly to other thelytokous hymenopterans. Here, we 

test this two-step model in Leptopilina clavipes, another parasitic wasp species. 

We investigate how the sex and ploidy of offspring depend on Wolbachia titer by 

feeding various antibiotics concentrations. Simultaneously, we measure how 

ovarian expression level and splicing isoforms of transformer (tra) transcripts, a 

key gene in insect sex determination, rely on Wolbachia titer. A step-wise 

reduction of Wolbachia titer increased haploid male production and reduced 

ovarian tra mRNA levels with a shift from female to male tra mRNA isoforms. In 

contrast to A. japonica, no diploid males were observed at intermediate 

Wolbachia-titer. We discuss how these results may be accommodated by an 

adjustment of the two-step model of thelytoky.   
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Introduction 

The bacterium Wolbachia is one of the most common endosymbionts of arthropods in 

nature (Hilgenboecker et al. 2008; Zug and Hammerstein 2012). Wolbachia is vertically 

transmitted over generations via egg cytoplasm and has various means to manipulate the 

reproduction of its host to increase its own transmission (Duron et al. 2008; Werren et al. 

2008; Engelstädter and Hurst 2009; Cordaux et al. 2011; Kageyama et al. 2012; Ma et al. 

2014). One such effect is to induce parthenogenetic reproduction of its host. This mostly 

occurs in haplodiploid arthropods, such as hymenopteran insects (Duron et al. 2008; 

Werren et al. 2008). Haplodiploid sexual reproduction is called arrhenotoky, in which 

haploid males develop from unfertilized eggs, and diploid females develop from fertilized 

eggs. Wolbachia and other endosymbionts can induce parthenogenetic development of 

diploid females from unfertilized eggs, a type of asexual reproduction called thelytoky 

(Suomalainen et al. 1987; Cook 1993). The mechanisms by which these endosymbionts 

manipulate their host’s reproduction are still poorly known. 

It has long been assumed that the diploidization of eggs by the bacteria is the only 

requirement for infectious thelytoky and that female development is a direct consequence 

of the diploidy. However, it has recently been shown in the hymenopteran parasitoids 

Trichogramma kaykai and Asobara japonica that diploidization alone is not sufficient to 

induce female development because partial removal of Wolbachia leads to the production 

of both haploid and diploid males, rather than haploid males only (Tulgetske 2010; Ma et 

al. 2015). Therefore, a two-step model of Wolbachia-induced thelytoky was proposed for 

A. japonica, with diploidization and feminization as two separate events, whereby each step 

requires a specific density of Wolbachia (Ma et al. 2015). Hence, the mechanism of many 

previously described cases of endosymbiont-induced thelytoky may need to be 

reconsidered.  

Cytological studies of thelytoky indicate that in most cases Wolbachia causes diploidization 

of the egg through gamete duplication (Stille and Dävring 1980; Suomalainen et al. 1987; 

Stouthamer and Kazmer 1994; Gottlieb et al. 2002; Pannebakker et al. 2004a). As a result, 

all female offspring of thelytokous females are genetically identical and homozygous. 

Homozygosity of sex loci under the Complementary Sex Determination mechanism (CSD) 

(Whiting 1943; Crozier 1971) causes diploid male rather than female development. 

Therefore, thelytoky induced by Wolbachia has been considered incompatible with CSD in 

Hymenoptera (Cook 1993; Stouthamer and Kazmer 1994; van Wilgenburg et al. 2006). 

However, if thelytoky involves a separate feminization step controlled by the 

endosymbiont, compatibility with CSD may be possible. It is, however, currently unclear 

whether the two-step model of thelytoky is more generally applicable or restricted to A. 
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japonica, in which CSD has been proven absent (Ma et al. 2013, 2015). In this chapter, we 

investigate Leptopilina clavipes, another parasitoid species exhibiting thelytoky. L. clavipes 

populations in the Netherlands and mid-France have been reported to be Wolbachia-

infected and thelytokous, whereas non-infected populations in northern Spain reproduce 

by arrhenotoky (Pannebakker et al. 2004b; Kraaijeveld et al. 2011). Previous studies have 

shown that complete removal of Wolbachia by antibiotic feeding leads to the production of 

haploid male progeny only (Stouthamer et al. 1990; Pannebakker et al. 2002). However, no 

studies have investigated the effect of partial Wolbachia curing in L. clavipes, which 

according to the two-step model, leads to diploid males.  

For a good understanding of how Wolbachia exerts the feminization effect, knowledge is 

needed about the sex determination mechanism. Insect sex determination is initiated by a 

primary signal, instructing either male or female development (Dübendorfer et al. 2002; 

Pane et al. 2002; Beye et al. 2003; Erickson and Quintero 2007; Verhulst et al. 2013). 

Transformer (tra) is an important gene in the sex determination pathway of hymenopterans 

and is known as a transducer of the primary signal (Bopp et al. 2014). During early 

embryonic development, a functional Transformer (TRA) protein directs female-specific 

splicing of doublesex (dsx) pre-mRNA to govern female development. Only female-specific 

tra mRNA (traF) translates into a functional TRA protein. In addition, TRA regulates female-

specific splicing of tra transcripts, thus establishing an autoregulatory loop. Male 

development follows if male-specific isoforms of tra mRNA (traM) are transcribed that 

encodes a truncated, non-functional TRA protein, resulting in default male-specific dsx 

mRNA splicing. If Wolbachia actively feminizes diploidized eggs, it may do so by 

manipulating the regulation of host sex determination genes, such as through altering the 

splicing of transcripts.  

Geuverink (2017) found differences in tra transcripts between arrhenotokous and 

thelytokous A. japonica embryos. In addition, I previously found that in thelytokous A. 

japonica, an alteration of Aj-tra mRNA transcripts, most likely from male to female isoforms, 

occurs during oogenesis, and that this shift is dependent on Wolbachia titer (Chapter 3). 

This alteration of ovarian Aj-tra transcript was suggested to be necessary for the 

feminization of the embryo. Interestingly, L. clavipes shares a similar feature with A. 

japonica: the presence of female-specific tra transcripts (Lc-traF) in early embryos coincides 

with Wolbachia infection. Lc-traF is present in thelytokous embryos, but arrhenotokous 

embryos contain only male-specific tra transcripts (Lc-traM) (Geuverink 2017). Following the 

removal of Wolbachia by antibiotic treatment in thelytokous females, Lc-traF mRNA is 

absent in their embryos (Geuverink 2017). These results indicate Wolbachia interferes with 
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Lc-tra pre-mRNA splicing, suggesting that the two-step model of thelytoky in A. japonica 

may similarly apply to Wolbachia-induced thelytokous reproduction in L. clavipes.   

The aim of this study is to evaluate the general applicability of the two-step model of 

thelytokous development by analyzing the effect of Wolbachia titer on offspring sex in L. 

clavipes. We administer a gradient of antibiotic concentrations to thelytokous females and 

examine the sex and ploidy of offspring. Simultaneously, we investigate the effect of 

Wolbachia titer on the expression of Lc-tra transcripts during oogenesis by measuring 

splicing patterns and expression levels of ovarian Lc-tra mRNA.  

Material and methods 

L. clavipes strains 

Thelytokous strain Losser (LS) was collected from Losser, Netherlands (52.3 °N, 7.0 °E) in 

2017 and was maintained on Drosophila virilis larvae at 25 °C under constant light. 

Arrhenotokous strain CA was collected from Calonge, Spain (41.9°N, 3.1°E) in 2017 and 

maintained on Drosophila melanogaster larvae at 25 °C under constant light. 

Antibiotic treatment and Wolbachia titer determination 

Thelytokous L. clavipes females were treated with a gradient of tetracycline concentrations 

(Sigma-Adlrich, St. Louis, USA) to generate a series of Wolbachia densities in females from 

the first filial generation. The procedure was similar to that in Chapter 3 for A. japonica. 

Applied concentrations of antibiotics, as the ratio of the amount of tetracycline to yeast, 

ranged from 1.000, 0.500, 0.250, 0.125, 0.063, 0.031 to 0.016 mg/g (tetracycline/yeast). A 

subset of females from the first filial generation was tested for  Wolbachia titer. Other 

females were used to measure ovarian Lc-tra expression and to produce the next 

generation for offspring sex and ploidy determination. As only a narrow range of antibiotic 

concentrations was found to cause a switch of female to male offspring production, an 

additional dilution series was applied for obtaining a higher resolution. These additional 

concentrations ranged from 0.375, 0.281, 0.211, 0.158, 0.119, 0.089 to 0.067 mg/g 

(tetracycline/yeast), and were diluted directly from 0.500 mg/g in the first series. Offspring 

of females treated with these concentrations were only screened for sex and ploidy.  

Wolbachia titer was determined to evaluate the efficiency of antibiotic treatment. Females 

treated with water and absolute ethanol (solvent of tetracycline) were used as controls and 

to establish a baseline titer. Whole body DNA of individual females was isolated following a 

high-salt protocol (adapted from Aljanabi and Martinez 1997). Quantitative real-time PCR 

(qPCR) measured the concentration of the Wolbachia-specific gene Glutamate synthase 
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subunit beta (gssb), and L. clavipes Elongation factor 1-alpha (Lc-ef1a). The concentrations 

of gssb and Lc-ef1a were determined on an Applied Biosystems 7300 Real-Time PCR System 

(Foster City, CA, USA). Each 20 µl qPCR reaction consisted of 5 µl of 10-fold cDNA dilution, 

250 nM forward primer and reverse primers each (gssb_wLcla_F1/R1: 5’-

GATGATGTGCTTAGTTTACCGT-3’/5’-CATACTCTGCTACTCCACCA-3'; ef1a_Lcla_dna_F1/R1: 

5'- TTCCGAGTCTGTTGATTGCC-3’/5’-CCTGTAATAGTCTGCCTTCCC-3'), and 1x PerfeCTa SYBR 

Green FastMix (QIAGEN Beverly Inc., Beverly, MA, USA). The qPCR program consisted of 3 

minutes of denaturing at 95 °C, followed by 45 cycles of denaturing at 95 °C for 15 seconds, 

annealing at 57 °C for both gssb and Lc-Ef1a for 30 seconds, extending at 72 °C for 30 

seconds, and a final dissociation step at 95 °C for 15 seconds, 60 °C for 1 minute, 95 °C for 

15 seconds and 60 °C for 15 seconds. The relative number of Wolbachia to L. clavipes cells 

was estimated by the ratio of gssb DNA to Lc-ef1a DNA, and dividing by two as a single cell 

of a female contains two copies of Lc-ef1a. 

Progeny sex and ploidy screening  

The numbers of male and female offspring produced by females after antibiotic treatments 

were counted to determine whether Wolbachia titer impacted the offspring sex. The 

number of hatched flies and non-emerged fly host pupae were counted for wasp survival 

rates, such as potential diploid males that died during development. In addition, the ploidy 

level of male offspring was determined to test whether a specific Wolbachia titer may cause 

the production of diploid males without subsequent feminization. The heads of adults were 

ground in 250 ml homogenizing Galbraith buffer and stained with 10μl propidium iodide 

(2.5 mg/ml) according to the procedure of de Boer et al. (2007) and Ma et al. (2015). Ploidy 

level was measured on a Miltenyi Biotec MACSQuant flow cytometry analyzer (Miltenyi 

Biotec, Bergisch Gladbach, Germany). 

Ovarian expression of Lc-tra mRNA 

The relative expression and isoform composition of ovarian Lc-tra mRNA were measured in 

individual thelytokous females treated with different antibiotic concentrations. Ovaries of 

arrhenotokous females were used for comparison. Ovarian RNA was isolated with TRIzol 

(Invitrogen, Carlsbad, California, USA) reagent and used to synthesize cDNA with RevertAid 

H Minus First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA) following the 

manufacturer’s instructions. Expression levels of Lc-tra, include male and female-specific 

transcription isoforms, and reference gene adenylate kinase (Lc-AdeK) mRNAs were 

measured by qPCR with primers 5’-AAAGTGCCAGGGATTACCGAG-3’/5’-

GACTGAAACGAGGATTAGGAGGA-3’ and 5’-ATGAAAGACGACGTGACAGG-3’/5’-

TCGACTAGAGGTTGTGTTTGTG-3’. The qPCR program for both mRNAs was similar to the 
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program used to determine Wolbachia titer, but the annealing temperature was 50 °C for 

Lc-tra and 57 °C for Lc-AdeK. The composition of Lc-tra transcripts was determined by RT-

PCR with primers 5’-CATCCAGAGACAGACGATCC-3’/5’-TACTTCTCGATGTTCACCTTCC-3’. The 

program consisted of an initial denaturing step of 95 °C for 30 seconds, 45 cycles of 

denaturing at 95 °C for 15 seconds, annealing at 57 °C for 30 seconds and an extension at 

72 °C for 2 minutes, and a final extension at 72 °C for 7 minutes.  

Data analysis 

Kruskal-Wallis tests followed by Dunn’s test for multiple comparisons (Ogle et al. 2019) were 

used to compare Wolbachia titer and relative expression of Lc-tra mRNA in ovaries of 

thelytokous females treated with different concentrations of antibiotics. The number of 

wasp offspring, as well as emerged and non-emerged flies were also analyzed by Kruskal-

Wallis tests and Dunn’s test. All analyses were performed in R (R core team, 2019).  

Results 

Wolbachia titer of antibiotic-treated thelytokous females 

Wolbachia titer decreased in thelytokous females treated with an increasing antibiotic 

concentration (Kruskal-Wallis test, χ2 = 43.6, P < 0.0001; Figure 4.1a). Wolbachia titers of 

females treated with 0.016  to 0.125 mg/g varied between 6.15 ± 0.27 and 5.47 ± 0.38 SE, 

and were lower than control females (6.10 ± 0.32 and 6.44 ± 0.38 SE for water and ethanol 

control respectively), albeit not significantly (Figure 4.1a). Females treated with antibiotic 

concentrations of 0.250 mg/g and higher had a lower Wolbachia titer than controls (Dunn’s 

tests, P < 0.05). Females treated with a concentration of 1 mg/g had the lowest Wolbachia 

titer of 0.02 ± 0.01, indicating almost a complete removal of Wolbachia. The increasing 

antibiotics concentrations yielded a step-wise decrease of Wolbachia titer. 

Occurrence and ploidy of male offspring as a function of antibiotic treatment  

Progeny sex of thelytokous females was altered from only females to only males by applying 

an increasing antibiotic concentration that coincided with a decreasing Wolbachia titer 

(Table 4.1). Control females produced only daughters (n = 12 and 10 progenies for females 

treated with water and ethanol, respectively). Females treated with concentrations of 0.004 

to 0.125 mg/g tetracycline also produced only daughters. This result is in line with the 

observation that Wolbachia titers of these females were not significantly different from that 

of the control females. From concentrations of 0.25 mg/g onwards, females had a 

significantly lower Wolbachia titer, and an overall 65% males were produced among seven 

progenies  (Table 4.1).  At an antibiotic concentration of 0.5 and 1 mg/g, only males were 
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produced in line with very low Wolbachia titers. To increase the resolution within this 

critical antibiotic concentration range, where the production of females shifts to males, a 

second series of females was treated with 0.067 to 0.281 mg/g tetracycline/yeast. These 

females produced a mixture of daughters and sons, whereas females treated with 0.375 

mg/g produced only sons. This indicated that the antibiotic treatment led to the Wolbachia 

titer that is minimally required for feminization in the experiment. 

All males from mixed broods were haploid (98 out of 236 total) (Table 4.1), including 39 out 

of 99 from the first dilution series and 59 out of 137 from the second dilution series. The 

tested 35 out of 118 females from these mixed broods were diploid, including 13 out of 54 

and 22 out of 64 from the first and second dilution series, respectively. Males from all-male 

broods from treatments with higher antibiotic concentrations were all haploid as well (59 

out of 130 males tested, Table 4.1). Thus, no diploid males were observed among progenies 

of L. clavipes females, in particular not of females with intermediate Wolbachia titers. This 

result is different from that of A. japonica that produced diploid males with intermediate 

Wolbachia titer (Ma et al. 2015; Chapter 3). In addition, if diploid males were produced but 

died during development, this would have led to a reduction of progeny and an increased 

number of emerged or non-emerged flies. The number of offspring varied with different 

antibiotic concentrations (Kruskal-Wallis test, χ2 = 28.346, P = 0.041) but were generally not 

lower than control females and even higher from concentrations 0.125 mg/g onwards 

females (Table 4.1). The number of emerged flies and non-emerged flies did not increase 

after antibiotic treatment (Kruskal-Wallis test, flies: χ2 = 15.4, P = 0.565; non-emerged flies: 

χ2 = 18.6, P = 0.349;  Table 4.1). Therefore, there were no indications of reduced wasp 

survival, such as due to unviable diploid males.   
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Ovarian Lc-tra expression 

Relative expression of Lc-tra in ovaries decreased with a decreasing Wolbachia titer 

(Kruskal-Wallis test, χ2 = 28.9, P < 0.001; Figure 4.1b). The Lc-tra expression in females with 

high Wolbachia titers (antibiotic concentrations of 0.004 to 0.125 mg/g) was reduced to 

0.88 ± 0.22 SE, but not significantly lower than untreated control females (1.11 ± 0.23 and 

1.26 ± 0.32 SE for water and ethanol control respectively). In females with intermediate 

Wolbachia titers (with antibiotic concentrations of 0.250 mg/g and 0.500 mg/g), Lc-tra 

expressions, 0.55 ± 0.14 and 0.55 ± 0.19 SE, were significantly lower than ethanol-control 

females (Dunn’s test, 0.250 mg/g: P = 0.024; 0.500 mg/g: P = 0.023) but not water-control 

females (Dunn’s test, 0.250 mg/g: P = 0.070; 0.500 mg/g: P = 0.058). Females that had their 

Wolbachia almost entirely removed (antibiotic concentrations of 1 mg/g) had the lowest Lc-

tra expression 0.40 ± 0.09 SE compared to control individuals (Dunn’s test, water control: P 

= 0.013; ethanol control: P = 0.003). 

The splicing pattern of Lc-tra varied depending on the Wolbachia titer (Figure 4.1c). Lc-tra 

pre-mRNA was predominantly spliced into the female form (Lc-traF) in ovaries of females 

with high Wolbachia titer, including females treated with low antibiotics concentrations and 

control thelytokous females. Lc-traF mRNA was also predominantly present in females that 

produced mixed broods at intermediate Wolbachia titer. Females with a low Wolbachia 

titer predominantly contained Lc-traM in their ovaries, similar to arrhenotokous females 

(Figure 4.1c). These results indicate that the sex-specific splicing of ovarian Lc-tra pre-mRNA 

depends on Wolbachia titer. 
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Figure 4.1 Measurements of antibiotic feeding in L. clavipes females. (a) Wolbachia titer, (b) relative 

expression (RE) of all Lc-tra transcripts and (c) splicing pattern of Lc-tra as function of various 

tetracycline concentrations. 0 (Water) and 0 (Ethanol) are control treatments with no tetracycline. In 

(a) and (b), asterisks indicate significant differences (* P < 0.05, ** P < 0.01, **** P < 0.0001) of 

experimental groups with 0 (Water) and hash tags (# P < 0.05, ## P < 0.01, ### P < 0.001, #### P < 0.0001) 

with 0 (Ethanol) control. In (c), splicing pattern of ovarian Lc-tra of thelytokous females treated with 

various concentrations of tetracycline is compared with an arrhenotokous female (right lane on the 

gel). 
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Discussion 

To gain more insight into the evolution of endosymbiont-induced thelytoky in 

hymenopterans, we assessed the applicability of the two-step model of Wolbachia-induced 

thelytoky in the parasitoid L. clavipes based on previous results from A. japonica (Ma et al. 

2015). We tested whether the sex and ploidy level of offspring relies on Wolbachia titer 

after antibiotics feeding. In A. japonica, females with intermediate titers of Wolbachia 

produce diploid males (Ma et al. 2015, Chapter 3). In contrast, in L. clavipes, we found that 

intermediate Wolbachia titers in parental females did not produce diploid males. There was 

also no indication for inviable diploid males based on similar proportions of emerged and 

non-emerged host flies of treated and control groups. There are two possible explanations 

for this observation. First, diploidization and feminization by Wolbachia in L. clavipes may 

be achieved by similar Wolbachia titers, and both processes can thus not be experimentally 

separated. Alternatively, Wolbachia does not feminise and diploidization automatically 

leads to female development. The latter explanation would refuse the two-step model for 

thelytoky for L. clavipes.  

Similar to A. japonica, Lc-traF mRNA is present in early embryos of thelytokous L. clavipes 

infected with Wolbachia, whereas it is absent in embryos of uninfected females (Geuverink 

2017). We found that the expression level of ovarian Lc-tra decreased with a decreasing 

Wolbachia titer, which indicates that the expression level of ovarian Lc-tra mRNA depends 

on Wolbachia titer. We also found that the transcript isoform was shifted from Lc-traF to Lc-

traM upon Wolbachia removal, and this coincided with a shift from the production of 

daughters to sons. Two conclusions can be drawn from this. First, Wolbachia seems to 

actively feminize eggs, rather than that femaleness is an automatic consequence of 

diploidization, lending support to the two-step model. Second, the signal for female 

development appears to be already produced during oogenesis. This feminization step can 

therefore not be discerned experimentally from the diploidization step by manipulating 

Wolbachia titer. Hence, diploidization and feminization may still be two separate steps in 

thelytokous development of L. clavipes but seem to require very similar Wolbachia titers, 

unlike in A. japonica.  

In the sex determination process, continuous expression of traF mRNA in the zygote is 

essential for female development. In arrhenotokous A. japonica and L. clavipes, traF mRNA 

is absent in the early embryo before zygotic expression starts. This indicates that the signal 

for female development requires paternal input through fertilization.  In contrast, under 

Wolbachia-induced thelytoky, the signal for female development has apparently already 

occurred during oogenesis. The answer to how this early feminization step is achieved 

requires further investigation of the function of maternal manipulated tra. 



Diploidization and feminization do not depend on different Wolbachia titers  
in thelytokous development of Leptopilina clavipes 

 
91 

CSD with femaleness depending on heterozygosity maybe not at the time with thelytoky 

because diploidization of eggs by Wolbachia in Hymenoptera occurs predominantly through 

gamete duplication, resulting in embryos homozygous for the CSD allele(s) that would 

develop into diploid males. However, a separate signal for female development may render 

CSD compatible with Wolbachia-induced thelytoky. The Wolbachia-induced feminization 

factor directs the transcription of traF, which could initiate the production of functional TRA 

during embryo development circumventing the requirement for CSD allelic 

complementation. Our results, therefore, hint that Wolbachia can also infect CSD species 

by overruling the development of diploid males following homozygosation of sex loci. As 

CSD is absent in A. japonica and L. clavipes (Ma et al. 2013; Chapter 2), further investigation 

of additional systems is clearly needed to test this hypothesis. A reconsideration of other 

reported cases of thelytoky induced by Wolbachia, or other endosymbionts, is also 

warranted. Clearly, uniparental reproduction and sex determination are two intertwined 

processes in thelytokous hymenopterans. For a good understanding of the feminization 

process, knowledge about the sex determination pathway is therefore also necessary. Given 

that many thelytokous hymenopterans have arrhenotokous counterparts, this allows for a 

powerful comparison of sex determination in the absence and presence of endosymbionts. 

The current study shows that, in particular, the regulation of tra transcripts by the mother, 

the endosymbiont, and possibly the father is a promising line of research to pursue.  

Acknowledgements 

We would like to thank Geert Mesander from the Flow Cytometry Unit (FCU) of the 

University Medical Center Groningen (UMCG) for training and use of the flow 

cytometer, Rogier Houwerzijl and Peter Hes for assistance with culturing wasps and fly hosts, 

and Linn Luinge for testing qPCR primers for Wolbachia titer determination. This work was 

supported by China Scholarship Council grant no. 201506300038. 

  



Chapter 4 

 
92 

References 

Aljanabi SM, Martinez I (1997) Universal and rapid salt-extraction of high quality genomic 

DNA for PCR-based techniques. Nucleic Acids Research, 25:4692–4693 

Beye M, Hasselmann M, Fondrk MK, et al (2003) The gene csd is the primary signal for sexual 

development in the honeybee and encodes an SR-type protein. Cell, 114:419–429 

Bopp D, Saccone G, Beye M (2014) Sex determination in insects: variations on a common 

theme. Sexual Development, 8:20–28 

Cook JM (1993) Sex determination in the Hymenoptera: a review of models and evidence. 

Heredity, 71:421–435 

Cordaux R, Bouchon D, Grève P (2011) The impact of endosymbionts on the evolution of 

host sex-determination mechanisms. Trends in Genetics, 27:332–341 

Crozier RH (1971) Heterozygosity and sex determination in haplo-diploidy. The American 

Naturalist, 105:399–412 

de Boer JG, Ode PJ, Vet LEM, et al (2007) Diploid males sire triploid daughters and sons in 

the parasitoid wasp Cotesia vestalis. Heredity, 99:288–294 

Dübendorfer A, Hediger M, Burghardt G, Bopp D (2002) Musca domestica, a window on the 

evolution of sex-determining mechanisms in insects. International Journal of 

Developmental Biology, 46:75–79 

Duron O, Bouchon D, Boutin S, et al (2008) The diversity of reproductive parasites among 

arthropods: Wolbachia do not walk alone. BMC Biology, 6:27 

Engelstädter J, Hurst GDD (2009) The ecology and evolution of microbes that manipulate 

host reproduction. Annual Review of Ecology, Evolution, and Systematics, 40:127–149 

Erickson JW, Quintero JJ (2007) Indirect effects of ploidy suggest X chromosome dose, not 

the X:A ratio, signals sex in Drosophila. PLoS Biology, 5:e332 

Geuverink E (2017) Parental and endosymbiont effects on sex determination in haplodiploid 

wasps. PhD thesis, University of Groningen, Groningen. 

Gottlieb Y, Zchori-Fein E, Werren JH, Karr TL (2002) Diploidy restoration in Wolbachia-

infected Muscidifurax uniraptor (Hymenoptera: Pteromalidae). Journal of Invertebrate 

Pathology, 81:166–174 



Diploidization and feminization do not depend on different Wolbachia titers  
in thelytokous development of Leptopilina clavipes 

 
93 

Hilgenboecker K, Hammerstein P, Schlattmann P, et al (2008) How many species are 

infected with Wolbachia? – a statistical analysis of current data. FEMS Microbiology Letters, 

281:215–220 

Kageyama D, Narita S, Watanabe M (2012) Insect sex determination manipulated by their 

endosymbionts: incidences, mechanisms and implications. Insects, 3:161–199 

Kraaijeveld K, Franco P, De Knijff P, et al (2011) Clonal genetic variation in a Wolbachia-

infected asexual wasp: horizontal transmission or historical sex? Molecular Ecology, 

20:3644–3652 

Ma W-J, Kuijper B, de Boer JG, et al (2013) Absence of complementary sex determination in 

the parasitoid wasp genus Asobara (Hymenoptera: Braconidae). PLoS ONE, 8:e60459 

Ma W-J, Pannebakker BA, van de Zande L, et al (2015) Diploid males support a two-step 

mechanism of endosymbiont-induced thelytoky in a parasitoid wasp. BMC Evolutionary 

Biology, 15:84 

Ma W-J, Vavre F, Beukeboom LW (2014) Manipulation of arthropod sex determination by 

endosymbionts: diversity and molecular mechanisms. Sexual Development, 8:59–73 

Ogle DH, Wheeler P, Dinno. A (2019) FSA: fisheries stock analysis. R package, version 0.8.25 

Pane A, Salvemini M, Delli Bovi P, et al (2002) The transformer gene in Ceratitis capitata 

provides a genetic basis for selecting and remembering the sexual fate. Development, 

129:3715–3725 

Pannebakker BA, Pijnacker LP, Zwaan BJ, Beukeboom LW (2004a) Cytology of Wolbachia-

induced parthenogenesis in Leptopilina clavipes (Hymenoptera: Figitidae). Genome, 2:299–

303 

Pannebakker BA, Schidlo NS, Zwaan BJ, et al (2002) Curing thelytoky in the Drosophila 

parasitoid Leptopilina clavipes (Hymenoptera: Figitidae). Proceedings of the Section 

Experimental and Applied Entomology of the Netherlands Entomological Society, 13:93–96 

Pannebakker BA, Zwaan BJ, Beukeboom LW, Van Alphen, M JJM (2004b) Genetic diversity 

and Wolbachia infection of the Drosophila parasitoid Leptopilina clavipes in western 

Europe. Molecular Ecology, 13:1119–1128 

R core team (2019) R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. 



Chapter 4 

 
94 

Stille B, Dävring L (1980) Meiosis and reproductive strategy in the parthenogenetic gall wasp 

Diplolepis rosae (L.)(Hymenoptera, Cynipidae). Hereditas, 92:353–362 

Stouthamer R, Kazmer DJ (1994) Cytogenetics of microbe-associated parthenogenesis and 

its consequences for gene flow in Trichogramma wasps. Heredity, 73:317–327 

Stouthamer R, Luck RF, Hamilton WD (1990) Antibiotics cause parthenogenetic 

Trichogramma (Hymenoptera/Trichogrammatidae) to revert to sex. Proceedings of the 

National Academy of Sciences, 87:2424–2427 

Suomalainen E, Saura A, Lokki J (1987) Cytology and Evolution in Parthenogenesis. CRC 

Press, Boca Raton, Florida 

Tulgetske GGM (2010) Investigations into the mechanisms of Wolbachia-induced 

parthenogenesis and sex determination in the parasitoid wasp, Trichogramma. PhD thesis, 

University of California, Riverside 

van Wilgenburg E, Driessen G, Beukeboom LW (2006) Single locus complementary sex 

determination in Hymenoptera: an “unintelligent” design? Frontiers in zoology, 3:1 

Verhulst EC, Lynch JA, Bopp D, et al (2013) A new component of the Nasonia sex 

determining cascade is maternally silenced and regulates transformer expression. PLoS 

ONE, 8:e63618 

Werren JH, Baldo L, Clark ME (2008) Wolbachia: master manipulators of invertebrate 

biology. Nature Reviews Microbiology, 6:741–751 

Whiting PW (1943) Multiple alleles in complementary sex determination of Habrobracon. 

Genetics, 28:365–382 

Zug R, Hammerstein P (2012) Still a host of hosts for Wolbachia: analysis of recent data 

suggests that 40% of terrestrial arthropod species are infected. PLoS ONE, 7:7–9 

 

  



Diploidization and feminization do not depend on different Wolbachia titers  
in thelytokous development of Leptopilina clavipes 

 
95 

Supplementary material 

Table S4.1 Average (± SE) of Wolbachia titer, decrease of Wolbachia titer of females under different 

concentrations of antibiotics (tetracycline/yeast; mg/g). 

Antibiotic 

concentration 
Sample size 

Average (± SE)  

Wolbachia titer  

Decrease of 

Wolbachia titer 

0 18 6.27 ± 0.24 - 

0.016 9 6.15 ± 0.27 1.9% 

0.031 9 5.19 ± 0.35 17.2% 

0.063 9 5.11 ± 0.76 18.5% 

0.125 9 5.47 ± 0.38 12.9% 

0.250 9 4.69 ± 0.34 25.2% 

0.500 9 2.44 ± 0.76 61.2% 

1.000 9 0.02 ± 0.00 99.7% 
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Abstract 

Hymenopteran insects have haplodiploid reproduction in which unfertilized eggs 

develop into males. In fertilized, diploid eggs, the paternal genome provides 

instruction for female development. Some species have endosymbiont-induced 

thelytokous reproduction, where unmated females lay diploid unfertilized eggs 

that nonetheless develop into females. For the parasitoid Asobara japonica, a two-

step model for Wolbachia-induced thelytokous reproduction was proposed, 

comprising separate diploidization and feminization of the developing egg. 

Chapter 3 reported that Wolbachia interferes with transcript splicing of the sex 

determination gene transformer (Aj-tra) in A. japonica ovaries. Here, we present a 

transcriptional and functional analysis of two crucial sex determination genes, Aj-

tra and transformer-2 (Aj-tra2). We show that predestination of Aj-tra transcript 

splicing prior to zygotic activation is the key factor in A. japonica thelytokous sex 

determination. A model for sex determination of both arrhenotokous 

and Wolbachia-induced thelytokous reproduction is presented. 
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Introduction 

In Hymenoptera, haplodiploid sexual reproduction is referred to as arrhenotoky: females 

develop from fertilized diploid eggs and males from unfertilized haploid eggs. It has been 

shown that the diploid state of the embryo is not sufficient to ensure female development 

and that the paternal genome is required to instruct female development (Whiting 1943; 

Cook 1993; Beukeboom 1995; Beye et al. 2003; Verhulst et al. 2010a; Zou et al. 2020). This 

can be achieved by heterozygosity at a complementary sex determiner (csd) locus, as in the 

honey bee Apis mellifera (Beye et al. 2003), by parent-of-origin specific expression of an 

instructor gene, like wasp overruler of masculinization (wom) in the jewel wasp Nasonia 

vitripennis (Verhulst et al. 2013; Zou et al. 2020), or by other still unknown mechanisms. 

Some hymenopteran species have asexual reproduction induced by an infectious 

endosymbiont, such as Wolbachia, Cardinium, or Rickettsia (reviewed in Stouthamer 1997; 

Heimpel and de Boer 2008; Werren et al. 2008; Ma et al. 2014; Ma and Schwander 2017). 

This form of asexual reproduction, where diploid females develop from unfertilized eggs 

following diploidization, is referred to as thelytoky. However, diploidization alone is not 

always sufficient for female development, and an additional feminization process appears 

required (Stouthamer 1997; Giorgini et al. 2009; Ma et al. 2015). This was shown by 

antibiotic treatment of thelytokous Asobara japonica to cure Wolbachia infection. 

Gradually lowering the Wolbachia titer initially caused diploid male offspring, while further 

reduction resulted in haploid male offspring only (Ma et al. 2015). These data suggested 

that Wolbachia somehow manipulates A. japonica sex determination to ensure female 

development of diploidized eggs. 

Transformer (tra) is an important gene in insect sex determination (reviewed in Sánchez 

2008; Verhulst et al. 2010b; Bopp et al. 2014) that is differentially spliced in the two sexes. 

Only female-specific tra mRNA (traF) translates into a functional protein, whereas male-

specific tra mRNA (traM) translates into a truncated protein, which is non-functional in sex 

determination. TRAF is a splicing regulator that regulates female-specific splicing of 

transcripts from the gene doublesex (dsx). Without TRAF, dsx transcripts are male-

specifically spliced. TRAF also regulates the splicing of tra transcripts into the female 

isoform, thus establishing an auto-regulatory loop (Pane et al. 2002; Lagos et al. 2007; 

Concha and Scott 2009; Gempe et al. 2009; Hediger et al. 2010; Verhulst et al. 2010a; Sarno 

et al. 2010). Transformer-2 (TRA2) coded by transformer-2 (tra2) is a co-factor in tra 

regulated splicing, and protein interaction between TRAF and TRA2 is a conserved feature 

in sex determination of several insects, including the dipteran Drosophila melanogaster and 

the hymenopterans N. vitripennis and Leptopilina clavipes (Amrein et al. 1994; Geuverink et 

al. 2018). 
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One female-specific, three male-specific, and three non-sex-specific isoforms of tra (Aj-tra) 

transcripts and four non-sex-specific tra2 (Aj-tra2) transcripts have been identified in 

arrhenotokous and thelytokous A. japonica. Female-specific tra (Aj-traF) transcripts are 

absent in arrhenotokous but present in thelytokous early embryos. Removal of the 

Wolbachia infection by antibiotics in thelytokous females also removes the female-specific 

tra (Aj-traF) transcripts in their embryos (Geuverink 2017). We have previously shown that 

Wolbachia alters Aj-tra pre-mRNA transcript splicing during oogenesis to produce the Aj-

traF biased splice form (Chapter 3). This alteration of Aj-tra mRNA transcript composition 

appears to be a Wolbachia titer-dependent process, in agreement with the two-step 

mechanism that was proposed by Ma et al. (2015). In contrast, Wolbachia does not interfere 

with tra2 transcript splicing, as data from Geuverink (2017) indicate that the isoforms of Aj-

tra2 transcripts in early embryos are similar in both reproductive modes. 

To further understand how Wolbachia ensures female offspring development during 

oogenesis, we here assess the function of Aj-tra and Aj-tra2 in A. japonica sex determination 

by performing RNA interference (RNAi). We investigate how injecting Aj-tra and Aj-tra2 

dsRNA impacts ovarian Aj-tra, Aj-tra2, and dsx (Aj-dsx) in ovaries of arrhenotokous, 

thelytokous, and Wolbachia-cured thelytokous females and alters the sex of their offspring. 

In addition, we investigate whether various protein isoforms of AJ-TRA and AJ-TRA2 interact 

by yeast-two-hybrid analysis. Based on the results, we propose a model for sex 

determination in arrhenotokous and thelytokous A. japonica. 

Material and methods 

A. japonica cultures 

Arrhenotokous line Ogamiyama (OG) collected from Amami, Japan (28. 2°N, 129.3°E), and 

thelytokous line Kagoshima (KG, Kimura 2009) were used. Wasps were reared on second 

instar D. melanogaster larvae at 25 °C under constant light. Wolbachia-cured thelytokous 

KG females were obtained by hosting wasps on host larvae that fed on tetracycline (details 

of the treatment are described in Chapter 3). The efficiency of the treatment was 

determined by Wolbachia titer measurement (see below).  

Essay for protein interactions  

Yeast-two-hybrid assays were used to examine the interactions between AJ-TRAF, AJ-TRANSS, 

and AJ-TRA2 protein isoforms. RNA of individual adult thelytokous females was extracted 

with TRIzol (Invitrogen, Carlsbad, California, USA) reagent and transcribed to cDNA using 

RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA) 

according to the manufacturer’s protocol.  The structures of the AJ-TRA and AJ-TRA2 
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isoforms were based on Geuverink (2017). Tested AJ-TRA isoforms included AJ-TRAF, AJ-

TRANSS1, AJ-TRANSS2, and AJ-TRANSS3, and the AJ-TRA2 isoforms were AJ-TRA2A, detected in 

somatic tissues, and AJ-TRA2D, detected in ovarian tissues and early embryos (Geuverink 

2017). AJ-TRA2B and AJ-TRA2C were not tested, as they are less restricted to certain tissues. 

Matchmaker Gal4 Two-Hybrid System 3 (Clontech, Mountain View, CA, USA) was used to 

determine protein interactions following the methods described for N. vitripennis and L. 

clavipes (Geuverink et al. 2018). In short, for later ligation with plasmids, the full-length 

transcripts of Aj-traF, Aj-traNSS and Aj-tra2 were PCR-amplified and were inserted EcoRI and 

BamHI/Smal restriction sites at 5’ and 3’ end with primers Y2H_Aj-traF/N_EcoRI_F (5'-

CATGGAGGCCGAATTCATGCGACGAGGTGATGAACGATT-3') and Y2H_Aj-traF_Smal_R (5'-

CGACGGATCCCCGGGTCAGAACATACGTCCATACCTCT-3'), Y2H_Aj-traF/N_EcoRI_F and 

Y2H_Aj-traN_BamHI_R (5'-AGGTCGACGGATCCCTAAATCTTGCAATGGAGGGCAC-3'), and 

Y2H_Aj-tra2_EcoRI_F (5'-ATGGAGGCCGAATTCATGAGTGAAATTGAGCACAGTGGG-3') and 

Y2H_Aj-tra2_BamHI_R (5'-CAGGTCGACGGATCCTCATCCAATACCTCTTGATTCAAA-3'). The 

PCR profile included a denaturation step at 94 °C for 4 minutes, five cycles of denaturing at 

94 °C for 4 minutes, annealing at 52 °C (Aj-traF and Aj-tra2) or 56 °C (Aj-traNSS) for 30 seconds, 

and extending at 72 °C for 3 minutes, 45 cycles of denaturing at 94 °C for 30 seconds, 

annealing at 57 °C (Aj-traF and Aj-tra2) or 61°C (Aj-traNSS) for 30 seconds, and extending at 

72 °C for 3 minutes, and a final extension step at 72 °C for 7 minutes. PCR products were 

digested with restriction enzymes EcoRI/BamHI and EcoRI/Smal. Plasmid pGBKT7 and 

pGADT7 contained a DNA binding domain and a transcriptional activation domain for Gal4, 

and they were digested by the same enzymes. Plasmids pGBKT7- p53 and pGADT7-T-

antigen (Clontech) were included as negative controls. Digested PCR products were ligated 

into pGBKT7 and pGADT7 plasmids using T4 DNA Ligases (New England Biolabs, Beverly, 

MA, USA), transformed into competent JM-109 Escherichia coli (Promega, Madison, WI, 

USA), and isolated from the colonies using the GeneJET Plasmid Miniprep Kit (Thermo Fisher 

Scientific). The isolated plasmids that ligated with the tested gene were introduced into 

yeast strains AH109 (with pGBKT7) and Y187 (with pGADT7) for yeast mating. Both plasmids 

were then expressed in the hybrid yeast strain. Protein interactions were determined by 

the survival of the transformed yeast on SD/–Ade/–His/–Leu/–Trp plates, as the interaction 

activated GAL promoter-driven reporter genes.  

DsRNA production 

DsRNA of Aj-tra, Aj-tra2, and Green fluorescent protein (GFP) were produced for RNAi. RNA 

of individual adult arrhenotokous females was extracted and transcribed to cDNA according 

to the procedure described in the previous section. Aj-tra PCR template was generated from 

the common region of all Aj-tra mRNA transcripts by primers Ajap_tra_exon9F (5’-
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TACACAAAGTCGTCATTCCA-3') and Ajap_tra_exon11Ra (5’-GAACATACGTCCATACCTCTG-3'). 

The PCR profile consisted of a denaturing step at 94°C for 3 minutes, followed by 40 cycles 

of denaturing at 94 °C for 30 seconds, annealing at 54 °C for 30 seconds and extension at 72 

°C for 30 seconds, and a final extension at 72 °C for 7 minutes. Aj-tra2 PCR template covered 

all Aj-tra2 transcripts and amplified by primers Ajap_tra2_RNAi_F3/R3 (5’-

TCTCGAAGTAGATCAGTTTCAC-3’/5’-CATCATTCACGACCTGTACTC-3’). The PCR reaction was 

similar as for Aj-tra but with annealing temperatures at 55 °C. GFP template was amplified 

from a GFP vector (pOPINEneo-3C-GFP, addgene plasmid # 53534). Forward and reverse 

promotors that were recognized by bacteriophage T7 RNA polymerase were appended to 

each template. The forward or reverse T7 promotors were added to Aj-tra, Aj-tra2, and GFP 

templates in PCR reactions with a denaturation step at 94 °C for 4 minutes, five cycles of 

denaturing at 94 °C for 4 minutes, annealing at 54 °C (Aj-tra and GFP) or 59 °C (Aj-tra2) for 

30 seconds, and extending at 72 °C for 45 seconds, 45 cycles of denaturing at 94 °C for 30 

seconds, annealing at 60 °C (Aj-tra and GFP) or 65 °C (Aj-tra2) for 30 seconds, and extending 

at 72 °C for 45 seconds, and a final extension step at 72 °C for 7 minutes. The T7 promotors 

appended PCR products were used to form dsRNA with the Megascript RNAi kit (Ambion, 

Austin, Texas, USA).  DsRNA was diluted as a final concentration of 5.6 μg/μL of Aj-tra, 5.7 

μg/μL of Aj-tra2, and 5.7 μg/μL of GFP dsRNAs. 

RNAi and offspring screen 

RNAi was performed to knock down ovarian Aj-tra, or Aj-tra2 mRNA in arrhenotokous, 

thelytokous, and cured thelytokous females. Injection of GFP dsRNA was to monitor if 

exogenous dsRNA triggered an immune response or other biological effects that impact the 

gene expression of A. japonica (Olejniczak et al. 2010; Nunes et al. 2013). Sterilized Milli-Q 

water was injected as a control for the injection procedure. 

The RNAi procedure was according to the protocol of Lynch and Desplan (2006), Colinet et 

al. (2014), Geuverink et al. (2017) (Figure 5.1). About 9-day old, host fly pupae were glued 

on a microscope slide, and the bottom tips of the Drosophila host pupal case were removed 

to expose the ventral abdomen of the wasp pupae for injection with Femtojet (Eppendorf, 

Hamburg, Germany) needles. Ovipositor tissue was avoided from the injection. Adult wasp 

females hatched 4-5 days after injection. They were collected as virgins, fed with honey, 

and stored at 12°C for one day. Females were then given some host larvae for 2 hours to 

gain oviposition experience. They were subsequently individually hosted on D. 

melanogaster larvae in a vial with agar and a layer of yeast. After 24 hours, the females 

were collected and stored at 12°C for ovary dissection. Four experimental groups were 

obtained: Wolbachia-infected and cured thelytokous females and virgin and mated 

arrhenotokous females. Pupal injection seemed to have effects on parasitization and 
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mating, as we observed 0-48% of successfully parasitizing arrhenotokous and thelytokous 

females and only a small percentage (5-11%) arrhenotokous females that actually produced 

female offspring. These effects are probably caused by the pupal injection location, which 

is close to the developing sexual organs. Thus, the RNAi procedure was repeated three 

times. We only report the results of the last experiment in this chapter, as this yielded the 

most efficient knock-down effect on both Aj-tra and Aj-tra2 mRNA. We provide the results 

of the first two experiments in supplementary data.  

 

 

 

Figure 5.1 Parental RNAi procedure in arrhenotokous, thelytokous, and Wolbachia-cured thelytokous 

A. japonica females. (a) Females lay eggs into non-treated (for arrhenotoky and thelytoky) or 

tetracycline fed (for Wolbachia-cured thelytoky) D. melanogaster larvae. (b) The host pupae are 

opened to inject A. japonica pupae with dsRNAs. (c) Hatched arrhenotokous females are separated as 

virgins or mated with arrhenotokous males. (d) Virgin arrhenotokous, mated arrhenotokous, 

thelytokous, and Wolbachia-cured thelytokous females are exposed to host larvae to gain oviposition 

experience and (e) provided more larvae for egg-laying. After RNAi, females are collected to measure 

mRNA levels, and their offspring are screened for sex and ploidy. 

Progenies were scored for the number of males and females. Flow cytometry was 

performed to determine the ploidy of male offspring of injected females. Wasp heads were 

homogenized in 250 μl Galbraith buffer and stained with 10 μl propidium iodide (2.5 mg/ 

ml). This preparation procedure was followed de Boer et al. (2007). The measurement was 
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performed on a MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany). Male 

and female offspring of water and GFP dsRNA injected females were used as haploid and 

diploid references. 

Relative expression and splicing of mRNA in ovaries 

RNA from the ovaries of injected females was extracted individually and converted to cDNA. 

Quantitative real-time PCR (qPCR) measured expression level of ovarian Aj-tra, Aj-traNSS, 

and Aj-tra2 mRNA of injected females with primer Ajap_exon1qF1 (5’-

GTTGTCCACGAATGTCTTGC-3’)/Ajap_exon2qR1 (5’-AGTCCCTCAATCGTTCATCACC-3’), 

Ajap_traNSS_qF4 (5’-ACGAAGAGAAGGAGAAGGTG-3’) /Ajap_traU_qR1 (5’-

CTATAATAATTGTCCGACGCTCTG-3’), and Ajap_tra2_qPCR 8F / 8Rb (5’-

ATATACACCACCGAACTCCA-3’/5’-GAGATCGACCAGTCTTAGCA-3’) respectively. A. japonica 

specific Elongation factor 1-alpha (Aj-Ef1a) mRNA expression was used as a reference with 

primer Ajap_ef1a_F3/R3 (5’-GATAAAGCCCTCCGTCTTCC-3’/5’-TCTGTGAGTGATTCGTGGTG-

3’). Each 20 µl qPCR reaction consisted of 5 µl of 10-fold cDNA dilution, 250 nM forward 

primer, 250 nM reverse primers, and 1x PerfeCTa SYBR Green FastMix (QIAGEN Beverly Inc., 

Beverly, MA, USA) and ran on an Applied Biosystems 7300 Real-Time PCR System (Foster 

City, CA, USA). The program started with 3 min of denaturing at 95 °C, followed by 45 cycles 

of denaturing at 95 °C for 15 seconds, annealing at 57 °C (Aj-tra, Aj-traNSS, and Aj- Ef1a) or 

50 °C (Aj-tra2) for 30 seconds, and extending at 72 °C for 30 seconds, and ended with a 

dissociation step of 95 °C for 15 seconds, 60 °C for 1 minute, 95 °C for 15 seconds and 60 °C 

for 15 seconds.  

RT-PCR was performed on the same ovarian samples as for qPCR to amplify both Aj-traF and 

Aj-traNSS transcripts with primers Ajap_traFsplice_F3 (5’-TGAATTGAAGAAGCAACGGA-3') 

and Ajap_traFsplice_R3 (5’-CTCTGGAATGACGACTTTGTG-3'). The splicing pattern of Aj-tra2 

was determined with primers Ajtra2F1/R1 (5’-TCTTCACAACAATCTGCCAC-3’/5’-

CATTTCTGTCCCTCTCACGA-3’). To exam the impact of pupal injection of Aj-tra or Aj-tra2 

dsRNA on the splicing of Aj-dsx, the splicing pattern of Aj-dsx mRNA was determined as well 

with primers Ajap_dsx_RTF/Ajap_dsx_RTR (5’-GGGTACTGCTGGATTACAGTG-3’/5’-

CTGCATTGACAGCGGTTGTG-3’). Each 20 µl reaction contained 1 µl of 10-fold cDNA dilution 

as a template. The PCR program consisted of 3 minutes of denaturation at 94 °C, 45 cycles 

of 94 °C for 30 seconds, 58 °C (Aj-tra), 50°C (Aj-tra2) or 55 °C (Aj-dsx) for 30 seconds, and 72 

°C for 120 (Aj-tra), 45 (Aj-tra2) or 60 (Aj-dsx) seconds, and 7 minutes of extension at 72 °C.  

Wolbachia titer determination 

Wolbachia titer of RNAi or water-injected thelytokous and Wolbachia-cured thelytokous 

females was determined to confirm that (1) the RNAi procedure did not affect the 
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Wolbachia density in thelytokous females, and (2) the antibiotic treatment was efficient to 

remove Wolbachia in cured thelytokous females. 

Genomic DNA of individual females was extracted following a high-salt protocol (adapted 

from Aljanabi and Martinez 1997). QPCR was performed to measure the concentration of 

Wolbachia specific β-barrel assembly machine component A (BamA) and Aj-Ef1a DNA copies 

in individual females’ whole body. Wolbachia titer was determined as a ratio of the 

concentration BamA DNA to half of Aj-Ef1a DNA, as Aj-Ef1a DNA is doubled per cell in 

females who are diploid. The details of the qPCR are given in Chapter 3.  

Data analysis 

The relative expression of ovarian Aj-tra and Aj-tra2 mRNA in females injected with dsRNA 

and water control were compared by the Kruskal-Wallis test, separately for the 

arrhenotokous and thelytokous groups. Multiple comparisons were subsequently analyzed 

by Dunn’s test (Ogle et al. 2019). Wolbachia titers of injected thelytokous and antibiotic-

treated thelytokous females were examined by the Kruskal-Wallis test and Dunn’s test. All 

analyses were performed in R (R core team 2019).  

Results 

TRA-TRA2 interaction 

The interactions between different protein isoforms, AJ-TRAF, AJ-TRANSS1, AJ-TRANSS2, AJ-

TRANSS3, AJ-TRA2A, and AJ-TRA2D, were assessed (Table 5.1). No interaction with the control 

proteins, p53 and T-antigen, nor with blank controls (no transcripts inserted) was observed. 

AJ-TRANSS isoforms did not interact with AJ-TRAF, AJ-TRA2A, AJ-TRA2D, nor with themselves. 

AJ-TRAF was found to interacts with both AJ-TRA2A and AJ-TRA2D. In addition, AJ-TRAF, AJ-

TRA2A, and AJ-TRA2D all self-interacted. These findings indicate a conserved TRA/TRA2 

interaction in A. japonica sex determination. 
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Table 5.1 Protein interaction among AJ-TRA and AJ-TRA2 isoforms in yeast two-hybrid assay. Plus 

symbol indicates the interaction between two proteins, minus symbol indicates no interaction. 

Insert 1 (Binding domain) Insert 2 (Activation domain) Interaction 

AJ-TRAF AJ-TRAF + 
AJ-TRAF AJ-TRA2A + 
AJ-TRAF AJ-TRA2D + 
AJ-TRAF AJ-TRANSS1 - 
AJ-TRAF AJ-TRANSS2 - 
AJ-TRAF AJ-TRANSS3 - 
AJ-TRA2A AJ-TRA2D + 
AJ-TRA2A AJ-TRANSS2 - 
AJ-TRA2A AJ-TRANSS3 - 
AJ-TRA2A AJ-TRA2A + 
AJ-TRA2D AJ-TRANSS2 - 
AJ-TRA2D AJ-TRANSS3 - 
AJ-TRA2D AJ-TRA2D + 
AJ-TRANSS1 AJ-TRA2A - 
AJ-TRANSS1 AJ-TRA2D - 
AJ-TRANSS1 AJ-TRANSS2 - 
AJ-TRANSS1 AJ-TRANSS3 - 
AJ-TRANSS1 AJ-TRANSS1 - 
AJ-TRANSS2 AJ-TRANSS2 - 
p53 (negative control) AJ-TRAF - 
p53 (negative control) AJ-TRANSS1 - 
p53 (negative control) AJ-TRA2A - 
AJ-TRAF T-antigen (negative control) - 
AJ-TRANSS1 T-antigen (negative control) - 
AJ-TRA2A T-antigen (negative control) - 
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Wolbachia titer  

To examine whether RNAi impacted Wolbachia density of thelytokous females, the 

Wolbachia titers of thelytokous and Wolbachia-cured thelytokous females were 

determined. There was no significant difference in Wolbachia titer between non-injected 

thelytokous females and females injected with water, GFP, Aj-tra, and Aj-tra2 dsRNA. In 

cured thelytokous females, Wolbachia was efficiently reduced by antibiotic treatment to a 

level of less than 0.5% in all treated groups (Kruskal-Wallis test χ2 = 44.47, P < 0.0001, Figure 

5.2). These results indicate that RNAi did not affect Wolbachia density in thelytokous 

females. 

 

Figure 5.2 Wolbachia titer of thelytokous and Wolbachia-cured thelytokous females that were non-

injected, injected with water or GFP dsRNA as control, or treated with Aj-tra dsRNA and Aj-tra2 dsRNA. 

The rectangle of the plot indicates the interquartile range of the data, and the line inside represents 

the median. The bars above and below the rectangle indicate the 1.5x interquartile range. Black dots 

are outliers.  

 

RNAi of Aj-tra2  

Efficiency 

Ovarian expression of Aj-tra2 mRNA decreased after Aj-tra2 dsRNA injection in 

arrhenotokous, thelytokous, and Wolbachia-cured thelytokous females (Kruskal-Wallis test, 

arrhenotoky: χ2 = 19.39, P < 0.001; thelytoky: χ2 = 15.50, P = 0.001; Wolbachia-cured 
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thelytoky: χ2 = 11.89, P = 0.007; Figure 5.3). Compared to water and GFP dsRNA injected 

controls, injection of Aj-tra2 dsRNA led to 70% and 66% decrease of Aj-tra2 mRNA 

expression in arrhenotokous females (Dunn’s test, water: P < 0.0001; GFP dsRNA: P < 0.001), 

91% and 88% decrease in thelytokous females (Dunn’s test, water: P < 0.001; GFP dsRNA: P 

= 0.008), and 92% and 89% decrease in Wolbachia-cured thelytokous females (Dunn’s test, 

water: P = 0.001; GFP dsRNA: P = 0.038). In previous experiments, we observed efficient and 

consistent knock-down of Aj-tra2 mRNA as well (Table S5.1).  

 

Figure 5.3 Relative expression (RE) of ovarian Aj-tra2 mRNA in arrhenotokous, thelytokous, and 

Wolbachia-cured thelytokous females that were injected with water or GFP dsRNA as control, or 

treated with Aj-tra and Aj-tra2 dsRNA. Asterisks indicate significant differences (* P < 0.05, *** P < 

0.001, **** P < 0.0001) from water control, hashtags indicate significant differences (## P < 0.01) from 

GFP dsRNA controls. The rectangle of the plot indicates the interquartile range of the data, and the 

line inside represents the median. The bars above and below the rectangle indicate the 1.5x 

interquartile range. Black dots are outliers.  

 

Aj-tra transcript levels and isoforms  

RNAi of Aj-tra2 did not have a consistent effect on Aj-tra mRNA levels (Figure 5.4a). Under 

arrhenotoky, Aj-tra2 dsRNA injection significantly reduced Aj-tra mRNA compared to water 

injection (Dunn’s test P = 0.004), and GFP controls (Dunn’s test P = 0.031), while in 

thelytokous females, a significant reduction was only evident in comparison to GFP controls 

(Dunn’s test P = 0.034) and no effect was observed for Wolbachia-cured females. These 

results of the non-consistent effect have been obtained in previous experiments as well 

(Table S5.2). No effect was found on ovarian levels of all Aj-traNSS mRNA isoforms. Hence, 

Aj-tra2 dsRNA injection in the pupal stage has no clear effect on ovarian Aj-tra mRNA levels. 
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Figure 5.4 Relative expression (RE) of ovarian Aj-tra mRNA (a) and Aj-traNSS mRNA (b) in 

arrhenotokous, thelytokous, and Wolbachia-cured thelytokous females that were injected with water 

or GFP dsRNA as control, Aj-tra dsRNA, and Aj-tra2 dsRNA. Asterisks indicate significant differences (* 

P < 0.05) from water control, hashtags indicate significant differences (# P < 0.05, ## P < 0.01) from 

GFP dsRNA controls. The rectangle of the plot indicates the interquartile range of the data, and the 

line inside represents the median. The bars above and below the rectangle indicate the 1.5x 

interquartile range. Black dots are outliers. 

 

Despite no consistent effect on Aj-tra mRNA levels, pupal injection of Aj-tra2 dsRNA clearly 

altered the Aj-tra transcript composition in arrhenotokous, thelytokous, and Wolbachia-

cured thelytokous ovaries (Figure 5.5a). Under arrhenotoky, Aj-tra pre-mRNA was biasedly 

spliced into Aj-traNSS mRNA after Aj-tra2 RNAi (with one exception), whereas it was spliced 

into both Aj-traF and Aj-traNSS mRNA in water and GFP control. The splicing in thelytokous 

females was biased towards Aj-traNSS isoforms after Aj-tra2 dsRNA injection, compared to 

only Aj-traF mRNA in water and GFP control. Wolbachia-cured thelytokous females 

contained only Aj-traNSS mRNA after Aj-tra2 dsRNA injection, in contrast to both Aj-traF and 

Aj-traNSS mRNA isoforms in water and GFP controls. These results show a reduction of Aj-

traF mRNA after Aj-tra2 RNAi, indicating the involvement of AJ-TRA2 protein in female-

specific Aj-tra transcript processing. 
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Aj-dsx transcript isoforms  

Pupal injection of Aj-tra2 altered the splicing pattern of Aj-dsx. In arrhenotokous, 

thelytokous, and Wolbachia-cured thelytokous females, ovarian Aj-dsx pre-mRNA was 

predominately spliced into the male form (Aj-dsxM) after Aj-tra2 RNAi, compared to only or 

predominately Aj-dsxF mRNA in water and GFP controls (Figure 5.5b). These results indicate 

the involvement of AJ-TRA2 protein in female-specific Aj-dsx transcript splicing as well. 

 

 

Figure 5.5 Splicing pattern of ovarian Aj-tra (a) and Aj-dsx (b) mRNA in arrhenotokous, thelytokous, 

and Wolbachia-cured thelytokous females that were injected with water or GFP dsRNA as control, or 

treated with Aj-tra dsRNA and Aj-tra2 dsRNA. 

 

Progeny sex and ploidy 

After pupal injection of Aj-tra2 dsRNA, mated arrhenotokous females did neither produce 

more females nor any diploid males (18 males investigated, Table 5.2). Thus, Aj-tra2 RNAi 

did not cause sex reversal of A. japonica arrhenotokous female offspring. In contrast to 

arrhenotokous females, pupal injection of Aj-tra2 dsRNA in thelytokous females led to an 

increase of male offspring (Table 5.2).  Among 13 investigated males, 12 were diploid (Table 

5.2). After Aj-tra2 RNAi, the Wolbachia-cured thelytokous females produced only males and 
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6 males were haploid, which met our expectation that pupal injection of Aj-tra2 dsRNA has 

no impact on offspring sex or ploidy of Wolbachia-cured females. In contrast, pupal Aj-tra2 

RNAi caused a reversal of diploid females to diploid males in progenies of thelytokous 

females.  
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RNAi of Aj-tra  

Efficiency 

Aj-tra dsRNA injection in pupae did not lead to an efficient and consistent reduction of 

overall ovarian Aj-tra mRNA levels, despite the fact that Aj-tra2 dsRNA injection can lead to 

a clear knock-down of Aj-tra2 mRNA. In arrhenotokous females, RNAi led to a significant 

but small decrease of ovarian Aj-tra mRNA (Kruskal-Wallis test χ2 = 13.18, P = 0.004, Figure 

5.4a). Compared to water and GFP dsRNA injected controls, Aj-tra dsRNA injection led to 

37% (Dunn’s test P = 0.004) and 32% (Dunn’s test P = 0.003) decrease of Aj-tra mRNA. In 

thelytokous females, the level of ovarian Aj-tra mRNA was not significantly reduced 

(Kruskal-Wallis test χ2 = 5.26, P = 0.154, Figure 5.4a). Similarly, in Wolbachia-cured 

thelytokous females, Aj-tra mRNA levels were not significantly reduced (Kruskal-Wallis test 

χ2 = 6.93, P = 0.074, Figure 5.4a). Inconsistent and non-efficient knock-down of Aj-tra mRNA 

was also observed in the previous experiments (Table S5.2). Variable effects were obtained 

for ovarian levels of all Aj-traNSS mRNA isoforms (Figure 5.4b). For arrhenotokous females, 

no significant effect was found (Kruskal-Wallis test χ2 = 2.73, P = 0.435), whereas a 

significant increase was observed in thelytokous females (Kruskal-Wallis test, χ2 = 6.63, P = 

0.084), in which the expression of Aj-traNSS mRNA increased 147% and 117%, compared to 

water (Dunn’s test P = 0.026) and GFP dsRNA (Dunn’s test P = 0.035). In cured thelytokous 

females, a significant increase in expression was also observed (Kruskal-Wallis test, χ2 = 

9.33, P = 0.025), Aj-traNSS mRNA levels were 84% and 118% higher than water (Dunn’s test 

P = 0.026) and GFP (Dunn’s test P = 0.007). Apparently, injecting Aj-tra dsRNA in the pupal 

stage has no straightforward and clear effect on any ovarian Aj-tra mRNA level. 

Aj-tra transcript isoforms  

Despite the inconsistent effect on ovarian Aj-tra mRNA levels, pupal injection of Aj-tra 

dsRNA did have a clear effect on the splicing isoforms of Aj-tra transcripts in arrhenotokous, 

thelytokous, and Wolbachia-cured thelytokous ovaries (Figure 5.5a). Under arrhenotoky, 

Aj-tra pre-mRNA was spliced into both Aj-traF and Aj-traNSS mRNA after water and GFP 

dsRNA injection but was predominantly spliced into Aj-traNSS mRNA after Aj-tra dsRNA 

injection. Under thelytoky, the splicing of Aj-tra mRNA was biased towards Aj-traNSS mRNA, 

compared to only Aj-traF mRNA in water and GFP controls. Cured thelytokous females 

contained both Aj-traF and Aj-traNSS compared to only Aj-traNSS in water and GFP controls. 

This alteration of the Aj-tra splicing pattern points at a reduction of Aj-traF mRNA in 

arrhenotokous, thelytokous, and Wolbachia-cured thelytokous females after pupal Aj-tra 

dsRNA injection. This indicates the involvement of a functional AJ-TRA protein in female-

specific Aj-tra transcript splicing. 
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Aj-dsx transcript isoforms  

Pupal injection of Aj-tra altered the splicing isoforms of Aj-dsx transcripts in the ovaries 

(Figure 5.5b). In arrhenotokous females, ovarian Aj-dsx pre-mRNA was biasedly spliced into 

the male form (Aj-dsxM) after Aj-tra dsRNA injection, compared to only female form (Aj-

dsxF) in water and GFP control. In thelytokous and Wolbachia-cured thelytokous females, 

Aj-dsx pre-mRNA was also predominantly spliced into the Aj-dsxM transcript after Aj-tra 

RNAi, whereas in water and GFP controls of thelytokous and Wolbachia-cured thelytokous 

females, Aj-dsxF mRNAs were predominately present. These results indicate the 

involvement of a functional AJ-TRA protein in female-specific Aj-dsx transcript splicing. 

Aj-tra2 transcript level and isoforms  

Pupal Aj-tra dsRNA injection did not consistently reduce ovarian Aj-tra2 mRNA expression 

under arrhenotoky, thelytoky, and Wolbachia-cured thelytoky (Figure 5.3). In addition, the 

splicing pattern of Aj-tra2 was not affected by Aj-tra RNAi under arrhenotoky, thelytoky, 

and Wolbachia-cured thelytoky (Figure S5.1). Therefore, alteration of Aj-tra transcripts has 

no impact on Aj-tra2 transcript isoforms.  

Progeny sex ratios and ploidy  

Pupal injection of Aj-tra dsRNA did neither lead to a reduction of female offspring nor to the 

production of diploid males for mated arrhenotokous females (Table 5.2). Among 23 male 

offspring, no diploids were detected (Table 5.2). As expected, pupal injection of Aj-tra 

dsRNA had no effect on offspring sex or ploidy of virgin arrhenotokous females (10 

investigated males were all haploid, Table 5.2). Despite the change of Aj-tra transcript 

composition in the ovaries, pupal injection of Aj-tra dsRNA did not affect the sex of the 

offspring of arrhenotokous A. japonica females. 

Similar results were obtained for Aj-tra dsRNA pupal injection of thelytokous and 

Wolbachia-cured females. There was no reduction of female offspring. Occasionally, males 

were produced, either haploid or diploid, both by injected and non-injected females (Table 

5.2). The 4 investigated male offspring of Aj-tra dsRNA injected females were all diploid, 

whereas the 5 investigated males of GFP dsRNA and water controls included three haploids 

and two diploids. The Wolbachia-cured thelytokous females only produced haploid males, 

irrespective of Aj-tra dsRNA injection or no injection (Table 5.2).  Despite the notable change 

of Aj-tra splicing patterns in the ovaries, pupal injection of Aj-tra dsRNA did not evidently 

affect the offspring sex of thelytokous A. japonica females.  
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Discussion 

The aim of this study was to understand how Wolbachia ensures female offspring 

development in A. japonica by functional analysis of Aj-tra and Aj-tra2. Our interpretation 

of the data is that Wolbachia introduces or activates a feminizing splice-factor (FSF) during 

oogenesis. This factor requires AJ-TRA2 but not AJ-TRAF to ensure female-specific Aj-tra 

transcript splicing in the zygote. In arrhenotokous reproduction, this factor needs not to be 

activated during oogenesis because a paternal genome factor (PGF) instructs female-

specific zygotic Aj-tra transcript splicing to initiate female development, by a yet unknown 

mechanism that may involve FSF as well. The necessity for FSF presence is transient, as the 

tra auto-regulatory loop will be initiated as soon as sufficient levels of functional AJ-TRAF 

are reached.  We have summarized our results in figure 5.6 and will first discuss the results 

and then motivate our interpretation (Figure 5.7).  
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Figure 5.6  The impact of Aj-tra or Aj-tra2 RNAi on ovarian gene transcripts and offspring sex. The up 

and down arrows indicate an increase or decrease of mRNA levels, and the minus signs no significant 

difference compared to the water control and GFP control separated by a slash. The reduced 

transcript isoforms are depicted as grey color to indicate the effective knock-down. The emboldened 

transcripts indicate the predominant presence in controls. The colored panels show the RNAi effect 

on offspring: N is haploid, and 2N is diploid with the sex-altered offspring shown in grey.  

 

RNAi results 

Pupal injection of Aj-tra dsRNA in arrhenotokous, thelytokous, and Wolbachia-cured 

thelytokous wasps had no clear effect on ovarian Aj-tra transcript level but resulted in a 

reduction of female-specific Aj-tra and Aj-dsx transcripts. This shows that a functional AJ-

TRAF protein is needed for proper female-specific splicing of both genes. It also shows that 
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the auto-regulatory loop that keeps tra “ON” (Pane et al. 2002; Bopp et al. 2014) was broken 

by the Aj-tra dsRNA injection and resulted in the loss of the “memory” of the cell-

autonomous sex determination pathway. 

Pupal injection of Aj-tra2 dsRNA in arrhenotokous, thelytokous, and Wolbachia-cured 

thelytokous wasps led to a significantly lower level of ovarian Aj-tra2 transcripts and also 

resulted in a clear reduction of female-specific Aj-tra and Aj-dsx transcripts. This shows that 

both a functional AJ-TRAF protein and AJ-TRA2 are needed for proper female-specific 

splicing of both genes. It also shows that AJ-TRA2 is needed to maintain the auto-regulatory 

loop that keeps Aj-tra “ON”. Combined with the results of the yeast-two-hybrid assay, which 

showed an interaction of AJ-TRAF and AJ-TRA2, we conclude that female development of 

arrhenotokous and thelytokous A. japonica involves both AJ-TRAF and AJ-TRA2 proteins to 

regulate female-specific splicing of Aj-tra and Aj-dsx transcripts, like in many other insect 

species. 

We did not observe protein interactions for any of the AJ-TRANSS protein isoforms with AJ-

TRAF, AJ-TRA2, or among themselves. We did observe a shift towards Aj-traNSS transcripts 

upon Aj-tra and Aj-tra2 dsRNA injection. However, the results did not allow us to assign any 

function of AJ-TRANSS proteins in A. japonica sex determination. 

Despite the necessity of both AJ-TRAF and AJ-TRA2 proteins for female-specific splicing of 

Aj-tra and Aj-dsx transcripts, pupal knock-down of both Aj-tra and Aj-tra2 transcripts in 

arrhenotokous females did not lead to diploid male offspring. This shows that maternal 

provision of neither Aj-tra nor Aj-tra2 mRNA is required for female development of fertilized 

eggs in arrhenotokous reproduction (Figure 5.7 a1 and a2), in contrast to what is proposed 

for Nasonia (Geuverink et al. 2017). It also shows that in A. japonica, dsRNA effects are not 

transmitted to the offspring (Figure 5.7 b1 and b2), which is also different from Nasonia 

(Verhulst et al. 2013; Zou et al. 2020) and Tribolium (Bucher et al. 2002; Shukla and Palli 

2012). 

A different result was obtained for thelytokous A. japonica, where only knock-down of Aj-

tra2 transcripts had an effect on offspring sex determination and resulted in the production 

of diploid males. We assume that, like in arrhenotokous females, the dsRNA effect is not 

transmitted to the offspring, which is supported by the fact that Aj-tra dsRNA injection did 

not lead to diploid male offspring (Figure 5.7 b3 and b4). Therefore, we conclude that 

ovarian AJ-TRA2 is needed to enable Wolbachia to induce feminization of the offspring 

(Figure 5.7 a4). The results also show that functional AJ-TRAF is not needed for this process 

(Figure 5.7 a3). 
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Figure 5.7  Possible consequences of Aj-tra or Aj-tra2 RNAi on the sex determination gene pathway 

during embryo development of arrhenotokous, thelytokous, and Wolbachia-cured thelytokous 

females. (a) If a maternal provision of Aj-tra or Aj-tra2 mRNAs is required for arrhenotokous or 

thelytokous female development: in arrhenotokous embryos, as Aj-tra (1) or Aj-tra2 (2) RNAi would 

reduce maternal provisioned Aj-tra or Aj-tra2 mRNA, either method blocks the initiation of zygotic 

splicing of Aj-traF mRNA, leading to diploid males; the same in thelytokous embryos after Aj-tra (3) or 

Aj-tra2 (4) RNAi; in Wolbachia-cured thelytokous embryos, despite Aj-tra (5) or Aj-tra2 (6) RNAi, Aj-

dsxM mRNA leads to haploid male development by default. (b) If RNAi affects the zygotic expression 

of the genes: in arrhenotokous embryos, Aj-tra RNAi (1) and Aj-tra2 RNAi (2) will reduce AJ-TRAF and 

AJ-TRA2 in embryos, respectively, which leads to an interruption of zygotic splicing of Aj-traF mRNA, 

so Aj-dsxM mRNA is generated, and diploid males develop from fertilized eggs; in thelytokous embryos, 

Aj-tra RNAi (3) and Aj-tra2 RNAi (4) will lead to the same result as for fertilized arrhenotokous egg 

development; in Wolbachia-cured thelytokous embryos, despite Aj-tra (5) or Aj-tra2 (6) RNAi, Aj-dsxM 

mRNA leads to haploid male development by default. The consequences that matched with the 

observations in this chapter are shown in solid purple lines. 
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Sex determination model 

Taken together, these results allow us to propose a possible mechanism of sex 

determination under arrhenotoky and thelytoky in A. japonica (Figure 5.8). Under 

arrhenotoky, Aj-traF isoforms are absent in early developing embryos and become only 

detectable after fertilization at 12-14 hours of development (Geuverink 2017). Apparently, 

during the early stages of arrhenotokous development, the paternal genome factor PGF 

instructs female-specific sex determination (Figure 5.8a). This is reminiscent of the sex 

determination mechanism in the parasitoid N. vitripennis, where only the paternally 

provided genome expresses the instructor gene wom to initiate the female sex 

determination process (Zou et al. 2020). Under thelytoky, Aj-traF isoforms are already 

present in the early embryo and are probably maternally provided to the egg (Geuverink 

2017). However, our results show that this maternal provision is not essential for female 

development. We propose that the maintenance of Aj-traF transcript production under 

thelytoky is ensured by the Wolbachia initiated factor FSF during oogenesis, which 

substitutes for the missing paternal contribution in thelytokous reproduction (Figure 5.8b). 

We hypothesize that both the paternal instruction signal and the Wolbachia mediated 

factor are transient and become obsolete once the auto-regulatory loop of Aj-traF transcript 

production has been properly established. We cannot exclude that the paternal (PGF) and 

Wolbachia initiated factor (FSF) are the same (Figure 5.8a).  

Early zygotic transcripts are most likely the result of the maternal provision. Ovarian Aj-tra 

transcript isoforms markedly differ between thelytokous and arrhenotokous females. 

Although overall Aj-tra transcript levels are similar, Aj-traF transcripts are predominantly 

present in ovaries of thelytokous females at the expense of Aj-traM isoforms (Chapter 3). 

The extra Aj-traF mRNA in thelytokous females is provisioned to eggs in their ovaries, which 

explains why Aj-traF is not present in early embryos of arrhenotokous females. Apparently, 

female sex determination of arrhenotokous A. japonica embryos is achieved solely by 

instruction signals from the paternal genome and does not require maternal input of Aj-traF 

mRNA. Surprisingly, our RNAi results indicate that also the presence of Aj-traF mRNA in 

neither ovaries nor early embryos is required for female development of thelytokous 

offspring. We speculate that the observed predominant Aj-traF mRNA levels in ovaries and 

early embryos of thelytokous females are the results of the FSF factor being activated by 

Wolbachia during oogenesis (Figure 5.8b).  

The proposed zygotic autonomy for female sex determination under arrhenotoky is further 

supported by the fact that maternal provision of Aj-tra2 mRNA is not required for female 

development of fertilized eggs. Aj-tra2 transcripts are present in the zygote throughout 

both arrhenotokous and thelytokous development (Geuverink 2017). Our results show that 
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maternal provision of Aj-tra2 is not required for female development of fertilized eggs 

(Figure 5.8a).  In contrast, Aj-tra2 is needed for thelytokous female development of the 

unfertilized eggs (Figure 5.8b). This shows that the putative FSF factor requires AJ-TRA2 for 

proper functioning. An interesting possibility is that the FSF and TRA2 form a complex and 

that this complex does not splice primary transcripts from Aj-tra, but converts Aj-traM 

isoforms into Aj-traF isoforms, which could explain the observed difference in ovarian 

transcript isoforms.  

Taken together, the present and previous data indicate that under arrhenotoky, unfertilized 

eggs are predestined to undergo male development, as no Aj-tra transcript splicing 

regulators are present, with the exception of non-essential Aj-tra2 mRNA (Figure 5.8a). This 

will lead to the default splicing of zygotic Aj-tra transcripts into the male isoform. This 

predestination is overruled by the paternal genome upon fertilization by a yet unknown 

mechanism. In contrast, under thelytoky, unfertilized eggs are predestined to undergo 

female development, as a Wolbachia introduced FSF factor during oogenesis, in 

combination with ovarian AJ-TRA2 or from maternally provided Aj-tra2 mRNA, directs 

female-specific splicing of Aj-tra transcripts in the zygote (Figure 5.8b). The results obtained 

from using antibiotics to remove the Wolbachia infection are in agreement with this model 

(Figure 5.8c). Possibly the paternal instructed PGF and the Wolbachia FSF are one and the 

same factor. 
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Figure 5.8 A model of sex determination in A. japonica. In ovaries, a hypothetical feminizing splice-

factor (FSF) is activated (depicted in blue) due to Wolbachia infection but is silent (represented in 

grey) under arrhenotoky and Wolbachia-cured thelytoky. (a) Under arrhenotoky, upon fertilization, a 

paternal genome factor (PGF) is activated, which leads to the splicing of Aj-traF transcript that further 

directs Aj-dsxF mRNA splicing and female development. PGF may be similar to FSF or is another 

unknown feminizing factor. In the absence of fertilization, embryonic Aj-dsxM mRNA is produced, 

leading to male development. (b) In thelytokous embryos, upon activated FSF and ovarian AJ-TRA2, 

splicing leads to Aj-traF mRNA in ovary and embryo. Zygotic Aj-traF mRNA leads to Aj-dsxF mRNA and 

female development. In Wolbachia-cured thelytokous embryos, FSF is silent during oogenesis, 

generating Aj-dsxM mRNA and male development. AJ-TRA2 binds with AJ-TRAF and participates in the 

splicing process of Aj-traF and Aj-dsxF transcripts under arrhenotoky and thelytoky. 

 

One possibility is that epigenetic silencing of a female sex determination instruction signal 

is an important feature of A. japonica sex determination, similar to N. vitripennis (Zou et al. 

2020). This would however be a variation of the MEGISD mechanism of N. vitripennis in 

which a wom-like element functions as the instruction signal. It would further indicate that 

maternal epigenetic silencing and CSD are the two main mechanisms of Hymenopteran sex 

determination. Further research is required to reveal if FSF is also a factor in the sex 
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determination of arrhenotokous A. japonica. In addition, as activating FSF during oogenesis 

is the key to ensure feminization of embryos under the two-step model of Wolbachia-

induced female development, future study should reveal whether this mechanism applies 

to other non-CSD species with endosymbiont-induced thelytoky.     
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Supplementary material 

Table S5.1 Relative expression (RE) of Aj-tra2 mRNA after injection with water and GFP dsRNA, Aj-tra 

dsRNA, and Aj-tra2 dsRNA of arrhenotokous, thelytokous, and Wolbachia-cured thelytokous females. 

Shown are injected construct concentrations, the number of injected females (count), mean (± SE) of 

RE Aj-tra2, and comparison of RE Aj-tra2 between Aj-tra/Aj-tra2 dsRNA and water/GFP dsRNA 

controls. Up-arrow/down-arrow indicates an increase/decrease of Aj-tra2 mRNA (* P < 0.05). 

Experi-

ment 
Strain 

Injected 

construct 

Construct 

concentra-

tion 

(μg/µl) 

Count 

RE Aj-tra2 

Mean ± SE 

Compared 

to water 

control 

Compared 

to GFP 

dsRNA 

control 

1 

Arrhenotoky 

Water 0 5 0.0024 ± 0.0002 - - 

Aj-tra 5.9 17 0.0022 ± 0.0001 ↓8% - 

Aj-tra2 3.7 4 0.0013 ± 0.0000 ↓46%* - 

Thelytoky 

Water 0 5 0.0035 ± 0.0002 - - 

GFP 2.6 5 0.0034 ± 0.0003 - - 

Aj-tra 5.9 18 0.0034 ± 0.0001 ↓4% 0% 

Aj-tra2 3.7 5 0.0017 ± 0.0003 ↓51%* ↓49%* 

Wolbachia  

-cured 

thelytoky 

Water 0 3 0.0035 ± 0.0001 - - 

GFP 2.6 5 0.0027 ± 0.0005 - - 

Aj-tra 5.9 12 0.0035 ± 0.0001 ↑2% ↑29% 

Aj-tra2 3.7 6 0.0009 ± 0.0003 ↓74%* ↓67% 

2 

Arrhenotoky 

Water 0 4 0.0172 ± 0.0016 - - 

GFP 4 4 0.0178 ± 0.0011 - - 

Aj-tra 5.9 6 0.0156 ± 0.0005 ↓9% ↓12% 

Aj-tra2 3.7 6 0.0125 ± 0.0014 ↓27% ↓30%* 

Thelytoky 

Water 0 6 0.0195 ± 0.0016 - - 

GFP 4 5 0.0277 ± 0.0060 - - 

Aj-tra 5.9 6 0.0235 ± 0.0026 ↑21% ↓15% 

Aj-tra2 3.7 5 0.0115 ± 0.0018 ↓41%* ↓58%* 

Wolbachia  

-cured 

thelytoky 

Water 0 4 0.0238 ± 0.0005 - - 

GFP 4 6 0.0212 ± 0.0018 - - 

Aj-tra 5.9 5 0.0217 ± 0.0014 ↓9% ↑2% 

Aj-tra2 3.7 6 0.0114 ± 0.0012 ↓52%* ↓46%* 
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Table S5.1 (Continued) 

Experi-

ment 
Strain 

Injected 

construct 

Construct 

concentra-

tion 

(μg/µl) 

Count 

RE Aj-tra2 

Mean ± SE 

Compared 

to water 

control 

Compared 

to GFP 

dsRNA 

control 

3 

Arrhenotoky 

Water 0 8 0.0112 ± 0.0012 - - 

GFP 5.7 8 0.0100 ± 0.0017 - - 

Aj-tra 5.6 7 0.0065 ± 0.0007 ↓42%* ↓36% 

Aj-tra2 5.7 8 0.0034 ± 0.0006 ↓70%* ↓66%* 

Thelytoky 

Water 0 5 0.0102 ± 0.0009 - - 

GFP 5.7 5 0.0079 ± 0.0008 - - 

Aj-tra 5.6 6 0.0072 ± 0.0005 ↓30% ↓10% 

Aj-tra2 5.7 6 0.0009 ± 0.0002 ↓91%* ↓89%* 

Wolbachia  

-cured 

thelytoky 

Water 0 5 0.0103 ± 0.0016 - - 

GFP 5.7 5 0.0078 ± 0.0008 - - 

Aj-tra 5.6 5 0.0086 ± 0.0005 ↓17% ↑10% 

Aj-tra2 5.7 5 0.0009 ± 0.0001 ↓92%* ↓89%* 
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Table S5.2 Relative expression (RE) of Aj-tra mRNA after injection with water and GFP dsRNA, Aj-tra 

dsRNA, and Aj-tra2 dsRNA of arrhenotokous, thelytokous, and Wolbachia-cured thelytokous females. 

Shown are injected construct concentrations, the number of injected females (count), mean (± SE) of 

RE Aj-tra, and comparison of RE Aj-tra between Aj-tra/Aj-tra2 dsRNA and water/GFP dsRNA controls. 

Up-arrow/down-arrow indicates an increase/decrease of Aj-tra mRNA (* P < 0.05). 

Experi-

ment 
Strain 

Injected 

construct 

Construct 

concentra-

tion 

(μg/µl) 

Count 

RE Aj-tra 

Mean ± SE 

Compared 

to water 

control 

Compared 

to GFP 

dsRNA 

control 

1 

Arrhenotoky 

Water 0 5 0.0035 ± 0.0004 - - 

Aj-tra 5.9 17 0.0039 ± 0.0003 ↑12% - 

Aj-tra2 3.7 4 0.0035 ± 0.0008 ↑1% - 

Thelytoky 

Water 0 5 0.0067 ± 0.0003 - - 

GFP 2.6 5 0.0079 ± 0.0007 - - 

Aj-tra 5.9 18 0.0041 ± 0.0004 ↓39% * ↓48% * 

Aj-tra2 3.7 5 0.0064 ± 0.0005 ↓4% ↓18% 

Wolbachia 

-cured 

thelytoky 

Water 0 3 0.0051 ± 0.0019 - - 

GFP 2.6 5 0.0029 ± 0.0003 - - 

Aj-tra 5.9 12 0.0044 ± 0.0005 ↓14% ↑53% 

Aj-tra2 3.7 6 0.0028 ± 0.0003 ↓44% ↓1% 

2 

Arrhenotoky 

Water 0 4 0.0034 ± 0.0005 - - 

GFP 4 4 0.0051 ± 0.0011 - - 

Aj-tra 5.9 6 0.0034 ± 0.0003 0% ↓33% 

Aj-tra2 3.7 6 0.0037 ± 0.0004 ↑8% ↓28% 

Thelytoky 

Water 0 6 0.0055 ± 0.0007 - - 

GFP 4 5 0.0066 ± 0.0011 - - 

Aj-tra 5.9 6 0.0056 ± 0.0009 ↑1% ↓15% 

Aj-tra2 3.7 5 0.0039 ± 0.0009 ↓28% ↓40% 

Wolbachia  

-cured 

thelytoky 

Water 0 4 0.0046 ± 0.0009 - - 

GFP 4 6 0.0040 ± 0.0007 - - 

Aj-tra 5.9 5 0.0036 ± 0.0004 ↓22% ↓11% 

Aj-tra2 3.7 6 0.0034 ± 0.0003 ↓25% ↓15% 
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Table S5.2 (Continued) 

Experi-

ment 
Strain 

Injected 

construct 

Construct 

concentra-

tion 

(μg/µl) 

Count 

RE Aj-tra 

Mean ± SE 

Compared 

to water 

control 

Compared 

to GFP 

dsRNA 

control 

3 

Arrhenotoky 

Water 0 8 0.0163 ± 0.0011 - - 

GFP 5.7 8 0.0150 ± 0.0012 - - 

Aj-tra 5.6 7 0.0102 ± 0.0013 ↓37% * ↓32% * 

Aj-tra2 5.7 8 0.0103 ± 0.0015 ↓37% * ↓31% * 

Thelytoky 

Water 0 5 0.0113 ± 0.0030 - - 

GFP 5.7 5 0.0102 ± 0.0038 - - 

Aj-tra 5.6 6 0.0067 ± 0.0009 ↓34% ↓41% 

Aj-tra2 5.7 6 0.0048 ± 0.0009 ↓53% ↓58% * 

Wolbachia 

-cured 

thelytoky 

Water 0 5 0.0027 ± 0.0003 - - 

GFP 5.7 5 0.0026 ± 0.0002 - - 

Aj-tra 5.6 5 0.0043 ± 0.0007 ↑62% ↑67%* 

Aj-tra2 5.7 5 0.0042 ± 0.0008 ↑57% ↑62% 
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Figure S5.1 Splicing pattern of ovarian Aj-tra2 mRNA in arrhenotokous, thelytokous, and Wolbachia-

cured thelytokous females that were injected with water, GFP dsRNA, Aj-tra dsRNA, and Aj-tra2 

dsRNA. 
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Haplodiploid insects reproduce by arrhenotoky, in which females develop from fertilized 

eggs and inherit a paternal and a maternal genome, whereas males develop from 

unfertilized haploid eggs and inherit only the maternal genome. Therefore, the paternal 

genome is necessary for female development under arrhenotoky. Endosymbionts can 

induce asexual reproduction, called thelytoky, in many haplodiploid insect species, such as 

in the order of Hymenoptera (ants, bees, wasps, sawflies) (Kageyama et al. 2012; Ma et al. 

2014; Ma and Schwander 2017). As a consequence, under thelytoky, females develop from 

unfertilized diploid eggs that contain two copies of the maternal genome, and there is no 

paternal input. How such uniparental eggs develop into females has been a longstanding 

open question. Previous studies showed that endosymbionts, such as Wolbachia and 

Cardinium, can exploit the sex determination pathway of their host to ensure female 

development in the absence of the paternal genome (Giorgini et al. 2009; Tulgetske 2010; 

Ma et al. 2015). Hence, in thelytokous haplodiploids, uniparental reproduction and sex 

determination are two intertwined processes. Studies on sexual and asexual aspects of 

haplodiploid reproduction may also be informative for understanding the evolution of the 

large variety of insect sex determination systems. 

In this thesis, I investigated the genetics behind Wolbachia-induced asexual reproduction in 

the parasitoids Leptopilina clavipes and Asobara japonica. For both species, Wolbachia-

infected asexual (thelytokous) and sexual (arrhenotokous) populations exist in nature. First, 

I assessed if L. clavipes and its sister species L. heterotoma have Complementary Sex 

Determination (CSD) (Chapter 2). In this way, I was able to optimally compare how 

Wolbachia manipulates sex determination pathways of L. clavipes and A. japonica, as the 

latter has previously been shown to have no CSD (Ma et al. 2013). Second, I determined the 

effect of Wolbachia titer, an important factor in the proposed two-step model of 

Wolbachia-induced thelytoky, on the splicing of transcripts of the key sex-determination 

gene transformer (tra) in A. japonica (Chapter 3). Third, I assessed whether the two-step 

model as proposed for A. japonica also applies to L. clavipes (Chapter 4). Fourth, I 

functionally investigated the roles of tra and its co-regulator transformer-2 (tra2) in 

arrhenotokous and thelytokous oogenesis by pupal RNAi (Chapter 5). Based on the results, 

I composed a model of sex determination in A. japonica. By comparing the results of L. 

clavipes and A. japonica, I reveal how Wolbachia interferes with host sex determination to 

induce asexual reproduction. 

Absence of Complementary Sex Determination (CSD) in Leptopilina  

For a good understanding of how Wolbachia interferes with host reproduction, knowledge 

of the host’s sex determination mechanism is necessary. Many hymenopterans are known 

to have CSD in which the allelic state of one or more sex loci determine sex: heterozygotes 
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become females and hemi- or homozygotes become males (Cook 1993; Beye et al. 2003). 

CSD was suggested to be incompatible with Wolbachia-induced thelytoky because under 

CSD female development requires heterozygosity at one or more sex determination loci 

(Suomalainen et al. 1987; Mateo Leach et al. 2009). However, Wolbachia causes gamete 

duplication leading to complete homozygosity, which is in conflict with female development 

under CSD. The absence of CSD had been confirmed for Asobara species previously (Ma et 

al. 2013), but Leptopilina species had not been investigated. I first tested whether 

Leptopilina species have CSD in order to be able to compare the sex determination pathway 

of A. japonica and L. clavipes. 

My results indicate the absence of CSD in both Leptopilina heterotoma and Leptopilina 

clavipes based on six or seven generations of inbreeding (Chapter 2). Under CSD, inbreeding 

would lead to the production of diploid males that are homozygotes for csd loci. For both 

Leptopilina species, multiple generations of inbreeding did not result in diploid male 

production. To control for diploid males with low or no viability (Stouthamer et al. 1992; 

Cook 1993; van Wilgenburg et al. 2006), I also took into account brood size, brood sex ratio, 

viability, and fertilization rate of the inbred wasps and compared these data with control 

(non-inbred) groups. All results point to the conclusion that inbreeding does not lead to 

diploid male production. These results are sustained by modeling that incorporates up to 

ten csd loci. I could therefore reject CSD as the sex determination system for L. clavipes and 

L. heterotoma.  

My findings of the absence of CSD in Leptopilina, which belong to the superfamily of 

Cynipoidea, are in accordance with the phylogenetic distribution of CSD among 

hymenopterans and endosymbiont-induced thelytoky. Thelytoky induced by 

endosymbionts mainly occurs in the superfamilies Cynipoidea, Platygastroidea, and 

Chalcidoidea (Heimpel and de Boer 2008), in which CSD appears to be absent (Asplen et al. 

2009). However, as only a limited number of species has been tested in these groups (Asplen 

et al. 2009), testing of additional species is needed in combination with elucidating their sex 

determination mechanism in order to get an accurate picture of the occurrence of CSD and 

Wolbachia-induced thelytoky in these superfamilies or, more broadly, the Hymenoptera. 

Evidence for a two-step model of thelytoky  

According to the two-step model proposed for thelytokous A. japonica, diploidization and 

feminization of eggs are two separate steps that depend on different Wolbachia titers (Ma 

et al. 2015). Feminization is achieved through interference with the sex determination 

system of the host, whereas diploidization of unfertilized eggs is achieved through the 

cytological process of gamete duplication (Stouthamer and Kazmer 1994; Weeks and 
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Breeuwer 2001; Gottlieb et al. 2002; Pannebakker et al. 2004; Adachi-Hagimori et al. 2008). 

As the feminization step requires a higher Wolbachia titer, females with intermediate 

Wolbachia titers produce diploid sons, and only at high titer, the diploidized eggs are 

instructed to develop as females (Ma et al. 2015, Chapter 3).  

I found that in thelytokous L. clavipes, female production is dependent on Wolbachia titer, 

but females with intermediate Wolbachia titer produce haploid instead of diploid sons 

(Chapter 4). This could mean that diploidy is sufficient for female development and that 

Wolbachia does not need to feminize diploidized L. clavipes embryos. However, a 

Wolbachia titer-dependent effect was found during oogenesis. Wolbachia titer-dependent 

onset of female development coincided with an increased level of ovarian Lc-tra mRNA and 

a switch from Lc-traM to Lc-traF isoforms (Chapter 4). Hence, Wolbachia-induced thelytoky 

in L. clavipes may also have separate diploidization and feminization steps but, in contrast 

to A. japonica, both actions do not require different Wolbachia titers. This finding indicates 

that thelytoky in more hymenopteran species may be achieved via a two-step mechanism, 

even if no diploid males are observed. Consequently, a reconsideration, including both a 

screen of male offspring ploidy and detection of ovarian tra transcripts alteration, is needed 

for other reported cases of thelytoky induced by Wolbachia or other endosymbionts. 

The primary signal of feminization under thelytoky  

In all Hymenopteran species investigated so far, transformer (tra) was identified as the 

transducing gene for the primary sex determination signal. Before my study, in both species 

A. japonica and L. clavipes, different tra transcript isoforms were found in the early embryos 

of two reproduction modes, indicating that Wolbachia somehow interferes with host tra 

regulation. Early thelytokous embryos of both species contain female-specific tra 

transcripts, but arrhenotokous embryos of the same developmental stage do not 

(Geuverink 2017). In my study, I showed that this difference is initiated during oogenesis in 

both A. japonica and L. clavipes (Chapters 3 and 4). The degree to which the tra transcript 

isoforms and offspring sex was altered depended on Wolbachia titer, consistent with the 

two-step model that states that diploidization and feminization each require a specific 

Wolbachia titer (Ma et al. 2015). Thus, in both species, Wolbachia instigates an early signal 

for female development during oogenesis. 

The function of tra and tra2 in thelytokous and arrhenotokous A. japonica 

sex determination 

To explore how female-specific tra transcripts in ovaries and embryos are involved in 

transducing the feminization signal, I investigated the function of tra (Aj-tra) transcripts in 
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A. japonica. As transformer-2 (tra2) is known as the co-factor of tra in insect sex 

determination (Hedley and Maniatis 1991; Inoue et al. 1992; Amrein et al. 1994; Salvemini 

et al. 2009; Hediger et al. 2010; Schetelig et al. 2012; Geuverink et al. 2018), the function of 

tra2 (Aj-tra2) transcripts was also studied.  

My results indicate that a female-specific TRA (AJ-TRAF) protein is needed for female-

specific splicing of both Aj-tra and doublesex (Aj-dsx) transcripts in A. japonica (Chapter 5). 

This conclusion was drawn from the pupal injection of Aj-tra dsRNA that led Aj-tra and Aj-

dsx transcripts to shift from female-specific to male-specific splicing in ovaries of 

arrhenotokous, thelytokous, and Wolbachia-cured wasps. This result also indicates the 

presence of auto-regulation of Aj-tra transcript splicing, which is consistent with the 

presence of a Ceratitis-Apis-Musca (CAM) domain in AJ-TRAF (Geuverink 2017), the 

potential functional region of auto-regulation in insect species (reviewed in Geuverink and 

Beukeboom 2014). Therefore, the initiation of Aj-traF mRNA splicing is the key to keep Aj-

tra in the “ON” state and results in the cell-autonomous regulation of female development.  

Transformer-2 protein (Aj-TRA2) is needed for the female-specific splicing of both Aj-tra and 

Aj-dsx as well, as knock-down of Aj-tra2 mRNA also resulted in a clear shift from female-

specific to male-specific splicing of Aj-tra and Aj-dsx transcripts (Chapter 5). In addition, 

interactions between AJ-TRA2 proteins and AJ-TRAF were found, indicating that AJ-TRA2 

forms a protein complex with AJ-TRAF to regulate the pre-mRNA splicing of Aj-tra and Aj-

dsx (Chapter 5). This feature is relatively conserved (Hedley and Maniatis 1991; Inoue et al. 

1992; Tian and Maniatis 1992; Amrein et al. 1994) and has been described for the 

haplodiploid species Apis mellifera, Nasonia vitripennis, and L. clavipes (Nissen et al. 2012; 

Geuverink et al. 2017).  Taken together, AJ-TRA2 is needed to maintain the auto-regulatory 

loop that keeps Aj-tra in the “ON” state as well.  

My confirmation of TRAF and TRA2 protein activities in A. japonica confirms that traF and 

tra2 mRNAs are needed in zygotes as reported for both A. mellifera under CSD and N. 

vitripennis under MEGISD. Female-specific tra (feminizer in A. mellifera) and tra2 transcripts 

are required to maintain the tra auto-regulation and to generate female-specific dsx 

transcripts (Gempe et al. 2009; Verhulst et al. 2010; Nissen et al. 2012; Geuverink et al. 

2017). Thus, the remaining question for A. japonica is now how Wolbachia starts producing 

AJ-TRAF in the absence of a paternal genome, as Aj-tra seems to be the focal point of 

manipulation in the sex determination cascade. 
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Proposal for a feminizing splice-factor (FSF) in thelytokous A. japonica sex 

determination.   

Is traF transcript splicing in ovaries and embryos the key for asexual reproduction? In A. 

japonica, although pupal injection of Aj-tra dsRNA reduced Aj-traF transcripts in thelytokous 

female ovaries, it surprisingly did not yield more diploid males. This result indicates that 

inducing Aj-traF mRNA production during oogenesis followed by the maternal provision is 

not the mechanism by which Wolbachia exerts the feminization effect. Instead, I propose 

the activation of a feminizing splice-factor (FSF) during oogenesis as the key for female 

development (Chapter 5). AJ-TRA2 is required, in combination with the requirement of FSF, 

to activate female-specific splicing of Aj-tra transcripts, as a reduction of ovarian Aj-tra2 

mRNA led to the production of diploid males (Chapter 5). As Aj-traF transcripts are 

predominantly present in the ovaries of thelytokous females (Chapter 3), the different 

transcript composition in early embryos is a reflection of the tra transcript isoforms present 

in oocytes. Thus, FSF is considered responsible for the predominant Aj-traF mRNA levels in 

ovaries, and female development of early embryos of thelytokous females is the result of 

the FSF factor being activated or introduced by Wolbachia during oogenesis.  

It is not clear whether FSF originates from the host genome or is a Wolbachia-encoded 

factor. If it originates from the host genome, one possible method to activate FSF is through 

epigenetic regulation, reminiscent of the maternal imprint mechanism underlying wasp 

overruler masculinization (wom), the primary signal in MEGISD (Beukeboom et al. 2007; 

Verhulst et al. 2010, 2013; Zou et al. 2020). Wolbachia has been reported to reprogram the 

imprinting state of the host by methylation (Negri et al. 2009; Ye et al. 2013), meaning that 

epigenetic regulation by methylation becomes an appealing possibility for the activation of 

FSF. Transcriptomic comparison of ovaries and early embryos from thelytokous, Wolbachia-

cured thelytokous, and arrhenotokous females would be one method to identify FSF. As 

Wolbachia can manipulate the host’s methylation, comparing the host genome’s 

methylation state in the presence and absence of Wolbachia is also a promising approach. 

If FSF is a Wolbachia-encoded factor, investigation of other Wolbachia-induced thelytokous 

species for the presence of an FSF-like element is also needed. Further research will reveal 

what FSF is and how Wolbachia activates FSF.  

Proposal for a paternal genome factor (PGF) in arrhenotokous sex 

determination.   

As stated, in both arrhenotokous and thelytokous A. japonica, Aj-traF and Aj-tra2 mRNAs 

are needed to establish the auto-regulation of Aj-tra in zygotes for female development. To 
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elucidate more details of sex determination, I further studied whether maternally 

provisioned Aj-tra and Aj-tra2 mRNAs involve the initiation of female-specific zygotic Aj-tra 

transcript splicing for arrhenotokous female development. After reducing the ovarian Aj-tra 

and Aj-tra2 mRNAs, I found no diploid male offspring, only females and haploid males 

(Chapter 5). As offspring sex was not altered, this result indicates the maternal provision of 

neither Aj-tra nor Aj-tra2 mRNAs is necessary to initiate female development of fertilized 

eggs. Thus, the initiation of zygotic Aj-traF transcript splicing only requires the involvement 

of the paternal genome, so I propose a paternal genome factor (PGF) to carry out this task. 

PGF is activated upon fertilization and switches Aj-tra into the “ON” state and results in the 

cell-autonomous initiation of female development. In unfertilized eggs, as PGF is silent, Aj-

tra is in the “OFF” state, which leads to male development.  

An epigenetic difference between the paternal and maternal genome is needed to start 

arrhenotokous female development in A. japonica, as sex is not determined by the allelic 

state of csd loci (Ma et al. 2013). Thus, I propose that PGF acts similarly to the epigenetic 

silencing in the MEGISD mechanism (Beukeboom et al. 2007; Verhulst et al. 2010, 2013; Zou 

et al. 2020). To test this hypothesis, we can use two different approaches. One method to 

identify PGF is screening for a wom-like element in A. japonica, as wom has been 

characterized as the primary signal of MEGISD (Zou et al. 2020). Here, one obstacle would 

be that there are multiple maternally imprinted sex determination genes, as has been found 

for csd that appears to consist of different genes in different species (Miyakawa and 

Mikheyev 2015; Matthey-Doret et al. 2019). A second approach is investigating the 

epigenetic effect, e.g. DNA methylation or histone modification, that controls genomic 

imprinting in the host species can be another direction. Further characterization of PGF will 

indicate whether maternal epigenetic silencing applies to A. japonica. 

A model of sex determination under arrhenotoky and thelytoky 

Based on my results, I proposed a model of sex determination for arrhenotokous and 

thelytokous reproduction in A. japonica and L. clavipes. In arrhenotokous females, switching 

“ON” Aj-tra is achieved by the paternal genome instructing factor PGF. In thelytokous 

females, the “ON” state occurs through FSF activation by Wolbachia during oogenesis. 

Ovarian Aj-tra2 transcripts are additionally needed under thelytoky. Without either PGF 

introduced by the paternal genome or FSF activated by Wolbachia, the auto-regulatory loop 

cannot be established, and male development ensues. Under both types of reproduction, 

once the auto-regulatory loop of TRAF production has been adequately established in the 

zygote, PGF and FSF are not necessary anymore. This feature of an upstream regulator 

becoming dispensable after the establishment of tra auto-regulation has also been found 

in A. mellifera and N. vitripennis (Gempe et al. 2009; Zou et al. 2020). Further study will 
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reveal whether this model has general application to explain arrhenotokous and 

thelytokous reproduction in other species. 

In arrhenotokous embryos that develop into females, Aj-traF transcripts only show up after 

fertilization at 12-14 hours of development, but Aj-traF isoforms are present throughout 

thelytokous embryo development (Geuverink 2017). As stated, PGF introduced by the 

paternal genome regulates the splicing of Aj-traF transcript in arrhenotokous zygotes. In 

contrast, the initiation of Aj-traF transcript of thelytokous females occurs during oogenesis 

and results from FSF’s activation by Wolbachia (Chapters 3 and 5). Therefore, FSF serves as 

a substitute for the paternal genome to initiate splicing of Aj-traF transcripts.  

One possibility is that PGF and FSF are the same factors. As stated, activation of both PGF 

and FSF may occur through epigenetic regulation by Wolbachia. Possibly, either fertilization 

or Wolbachia induction leads to a removal of epigenetic marks and activates PGF/FSF. 

Alternatively, PGF may initiate Aj-traF splicing in a different way than FSF. Future 

identification of the hypothesized female-inducing factors PGF and FSF will help to unveil 

the interdependence of sex determination and endosymbiont-induced thelytoky.  

In arrhenotoky, neither ovarian Aj-tra nor Aj-tra2 transcripts are required for female 

development of fertilized eggs. Arrhenotokous female development is considered to only 

require PGF introduced by the paternal genome. Thus, maternal provision of sex 

determination gene transcripts is not an essential feature for sex determination under 

arrhenotoky.  

Under thelytoky, although I confirmed that ovarian Aj-tra2 transcripts are needed for 

female development, further research is needed to determine whether these transcripts 

need to be maternally provided to eggs. Aj-tra2 transcripts are needed either to activate 

FSF or as a co-factor of FSF to initiate Aj-traF transcript splicing. For the former possibility,  

Aj-tra2 transcripts are only required during oogenesis, whereas for the latter possibility, 

they are also required through the maternal provision. Regardless, either possibility 

indicates an additional role of AJ-TRA2 in thelytokous sex determination. 

Maternal provision of Aj-traF mRNA is not the key for female development of unfertilized 

thelytokous eggs. If FSF regulates Aj-traF transcript splicing directly, not via an additional 

component, FSF must have also been maternally pre-loaded into eggs to continually direct 

Aj-traF transcripts splicing in the zygote until the establishment of Aj-tra auto-regulation.  
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Evolution of sex determination and thelytoky in L. clavipes and A. japonica 

Based on my results of L. clavipes and A. japonica, our understanding of the two-step model 

of thelytoky can now be extended. Both diploidization and feminization only occur above a 

specific endosymbiont titer (Ma et al. 2015). Still, the required titers for the two steps can 

be either similar or different (Chapter 4, Ma et al. 2015). As the feminization factor, FSF of 

A. japonica is activated during oogenesis upon Wolbachia infection (Chapters 3 and 5) and 

the feminization signal in L. clavipes also occurs during oogenesis (Chapter 4), it is possible 

that the feminization step is exerted before the diploidization step. Unfertilized Wolbachia-

infected thelytokous eggs are predestined to undergo female development, in contrast to 

unfertilized arrhenotokous eggs that are predestined to undergo male development.  

Both L. clavipes and A. japonica do not have CSD as the sex determination mechanism (Ma 

et al. 2013; Chapter 2). In both species, the early feminization signal of thelytokous female 

development occurs during oogenesis (Chapters 3, 4, and 5) prior to embryonic sex 

determination. This finding could suggest possible compatibility between Wolbachia-

induced thelytoky and CSD. The Wolbachia-induced factor directs the transcription of traF 

mRNA, which could initiate functional TRAF production during embryo development 

circumventing the requirement for allelic complementation under CSD. This is, of course, 

only possible if CSD is not regulating tra transcription activation. In other words, Wolbachia 

may also infect CSD species by overruling diploid male development following homozygosity 

of sex loci. This hypothesis requires further investigation of the mechanistic details of CSD, 

which is currently only in honey bees (Beye et al. 2003). It would also be interesting to 

investigate the mechanisms of endosymbiont-induced thelytoky and sex determination in 

CSD-related lineages.  

The next step of research can be to investigate whether the maternal provision of Lc-traF 

transcripts in thelytokous L. clavipes is needed and whether L. clavipes has an FSF-like 

element as the key for female development. I presume FSF and the possible element in L. 

clavipes are different factors. Despite the fact that Wolbachia generates feminization 

signals in both A. japonica and L. clavipes, I observed a difference in regulatory details. In A. 

japonica, overall ovarian tra (Aj-tra) transcript levels are similar among thelytokous females 

with different Wolbachia titers (Chapter 3). In contrast, in L. clavipes, overall ovarian tra (Lc-

tra) transcript levels are higher in thelytokous females with higher Wolbachia density 

(Chapter 4). Although the increased female-specific tra transcripts are at the expense of 

male-specific transcript isoforms in both species (Chapters 3 and 4), the difference in overall 

tra transcripts levels indicates that Lc-tra maintenance requires an additional promotion 

effect. This shows the intricate interaction between Wolbachia action and host sex 
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determination and the importance of studying both processes in the two reproduction 

modes.  

The variation in insect sex determination mechanisms is overwhelming, and new regulatory 

elements appear to be rapidly recruited into the sex determination pathway (Bell et al. 

1988; Hasselmann et al. 2008; Sharma et al. 2017; Zou et al. 2020). It is possible that L. 

clavipes and A. japonica have (partially) different sex determination mechanisms and that 

the instructive signals are different. Intriguingly, endosymbionts have been proposed as a 

driving force for this rapid turnover in sex determination (Werren and Beukeboom 1998; 

Beukeboom and Perrin 2014). Given that L. clavipes and A. japonica, as well as many other 

thelytokous hymenopterans, have both arrhenotokous and endosymbiont-induced 

thelytokous reproduction, this provides unprecedented opportunities to further study the 

evolution of sex determination and reproductive mode.  
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Haplodiploïde insecten planten zich voort via arrhenotokie, waarbij bevruchte eitjes zich 

ontwikkelen tot vrouwtjes en dus het genoom van zowel de vader als de moeder erven, 

terwijl onbevruchte haploïde eitjes zich ontwikkelen tot mannetjes, die enkel het genoom 

van de moeder erven. Daarom is het genoom van de vader nodig voor vrouwelijke 

ontwikkeling van de zygote in arrhenotoke systemen. Endosymbionten kunnen aseksuele 

voortplanting, thelytokie genaamd, induceren in veel haplodiploïde insectensoorten, zoals 

in de orde van Hymenoptera (mieren, bijen, wespen, bladwespen). Als gevolg hiervan, 

ontwikkelen onbevruchte, diploïde eitjes, die nu twee kopieën van het genoom van de 

moeder bezitten, zich tot vrouwtjes; dus zonder genoom van de vader. Hoe zulke 

eenoudereitjes zich tot vrouwtjes kunnen ontwikkelen, is al sinds jaar en dag een open 

vraag. Eerdere studies hebben aangetoond dat bacteriële endosymbionten, zoals 

Wolbachia en Cardinium, de geslachtsbepaling van hun gastheer kunnen wijzigen om 

vrouwelijke ontwikkeling te bewerkstelligen in afwezigheid van een geërfd genoom van de 

vader. Derhalve zijn, in thelytoke haplodiploïden, eenoudervoortplanting en 

geslachtsbepaling twee vervlochten processen. Om meer inzicht te krijgen in de grote 

variatie aan geslachtsbepalingssystemen van insecten kan door endosymbionten 

geïnduceerde thelytokie bestudeerd worden om meer kennis te verkrijgen over zowel 

seksuele als aseksuele haplodiploïde voortplanting, In dit proefschrift onderzocht ik de 

genetische basis van de door Wolbachia geïnduceerde aseksuele voortplanting in de 

wespen Leptopilina clavipes and Asobara japonica, waarvan zowel Wolbachia-

geïnfecteerde aseksuele (thelytoke) als seksuele (arrhenotoke) populaties in de natuur 

voorkomen.  

Geen Complementaire Sex Determinatie (CSD) in Leptopilina  

Er was al eerder vastgesteld door Ma et al. dat veel Asobara soorten, waaronder A.japonica, 

geen complementair geslachtsbepalingssysteem (CSD) hebben, maar Leptopilina soorten 

waren nog niet onderzocht. Daarom heb ik eerst onderzocht of L. clavipes en de zustersoort 

L. heterotoma, CSD hebben (Hoofdstuk 2). Mijn resultaten gaven aanwijzingen voor de 

afwezigheid van CSD in zowel Leptopilina heterotoma als Leptopilina clavipes, gebaseerd op 

zes of zeven inteelt-generaties. Onder CSD zou inteelt leiden tot het produceren van 

diploïde mannetjes die homozygoot zijn voor csd loci. In beide Leptopilina soorten leidde 

meerdere generaties van inteelt echter niet tot de productie van diploïde mannetjes. Ter 

controle voor het vóórkomen van diploïde mannetjes met lage of geen levensvatbaarheid, 

verdisconteerde ik legselgrootte, man/vrouw ratio, levensvatbaarheid en 

bevruchtingsgraad. Alle resultaten leidden tot de conclusie dat inteelt geen productie van 

diploïde mannetjes veroorzaakt. Deze resultaten werden geschraagd door een simulatie 
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model, gebaseerd op mijn data dat tot aan tien csd loci omvat. Daardoor was ik in staat om 

CSD te verwerpen als het geslachtsbepalingssysteem van L. clavipes en L. heterotoma.  

Wolbachia titer afhankelijke verandering van transformer regulatie in A. japonica 

In hoofdstuk 3 onderzocht ik het effect van de Wolbachia titer, een belangrijke factor in het 

voorgestelde tweestapsmodel van Wolbachia-geïnduceerde thelytokie, op de splicing van 

transcripten van transformer (tra), het sleutelgen voor geslachtsbepaling, in A. japonica. In 

vrijwel alle Hymenoptera soorten die tot nu toe zijn onderzocht, is tra geïdentificeerd als 

het gen dat het primaire geslachtsbepalingssignaal verder doorgeeft. In zowel A. japonica 

als L. clavipes, waren al verschillende isoformen van tra transcripten gevonden in de vroege 

embryo's van de twee voortplantingssystemen, wat erop duidt dat Wolbachia op de een of 

andere manier interfereert met de tra regulatie van de gastheer. Vroege thelytoke embryo's 

van beide soorten bevatten vrouw-specifieke tra transcripten, maar arrhenotoke embryo's 

van hetzelfde ontwikkelingsstadium niet. Ik toonde aan dat dit verschil wordt geïnitieerd 

gedurende de oögenese in A. japonica (Hoofdstuk 3). De mate waarin de tra transcript 

isoformen en de man/vrouw ratio van de nakomelingen waren veranderd, was afhankelijk 

van de Wolbachia titer, in overeenstemming met het tweestapsmodel dat stelt dat 

diploïdisatie en ontwikkeling tot vrouwtje elk een specifieke Wolbachia titer vereisen. Dus, 

Wolbachia instigeert een vroeg signaal voor vrouwelijke ontwikkeling tijdens de oögenese. 

Bewijs voor een tweestapsmodel voor thelytokie in L. clavipes 

In hoofdstuk 4 bekeek ik of het tweestapsmodel, zoals voorgesteld voor A. japonica, ook 

van toepassing is op L. clavipes. Volgens het voorgestelde tweestapsmodel voor thelytokie 

in A. japonica, zijn diploïdisatie en vrouwelijke ontwikkeling van de eitjes, twee afzonderlijke 

stappen die afhankelijk zijn van verschillende Wolbachia titers. Vrouwelijke ontwikkeling 

wordt bewerkstelligd door interferentie met het geslachtsbepalingsmechanisme van de 

gastheer, terwijl diploïdisatie van onbevruchte eitjes middels het cytologische proces van 

gameetduplicatie verloopt. Omdat de stap van vrouwelijke ontwikkeling een hogere 

Wolbachia titer vereist, produceren vrouwtjes met een tussenliggende Wolbachia titer 

diploïde zonen. Ik vond dat in thelytoke L. clavipes, de productie van vrouwtjes afhankelijk 

is van de Wolbachia titer, maar dat vrouwtjes met tussenliggende Wolbachia titer haploïde 

in plaats van diploïde zonen produceerden. Dit zou kunnen betekenen dat diploïdie 

voldoende is voor de ontwikkeling tot vrouwtje en dat Wolbachia de diploïde L. clavipes 

embryo's niet meer hoeft te induceren tot vrouwelijke ontwikkeling. Toch werd er een 

Wolbachia titer-afhankelijk effect gevonden gedurende de oögenese. Het Wolbachia titer-

afhankelijke inzetten van vrouwelijke ontwikkeling viel samen met een toename in het 

niveau van ovarieel tra (Lc-tra) mRNA en een switch van man-specifieke naar vrouw-
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specifieke isoformen. Wolbachia-geïnduceerde thelytokie in L. clavipes kan derhalve ook 

bestaan uit afzonderlijke stappen van diploïdisatie en vrouwelijke ontwikkeling, maar hier 

vereisen, in tegenstelling tot A. japonica, beide acties geen verschillende Wolbachia titers.  

Voorstel betreffende een "Feminizing Splice-Factor (FSF)" en een "Paternal Genome 

Factor (PGF)" in de geslachtsbepaling van A. japonica 

In hoofdstuk 5 deed ik functioneel onderzoek naar de rol van tra en de co-regulator 

transformer-2 (tra2) tijdens de arrhenotoke and thelytoke oögenese door middel van 

"pupal RNA-interference" (pupal RNAi). Op basis van de resultaten, formuleerde ik een 

model voor geslachtsbepaling in A. japonica.  

Vrouwtjes-specifiek Transformer (AJ-TRAF) en ook Transformer-2 (AJ-TRA2) eiwit is nodig 

voor vrouwtjes-specifieke splicing van transcripten van zowel Aj-tra als doublesex (Aj-dsx) 

in A. japonica. Deze conclusie werd getrokken op basis van het injecteren van 

vrouwtjespoppen met zowel Aj-tra en Aj-tra2 dubbelstrengs RNA (dsRNA). Dit leidde tot het 

veranderen van transcripten van Aj-tra en Aj-dsx van vrouw-specifiek naar man-specifiek in 

ovaria van arrhenotoke en thelytoke wespen, alsmede van wespen waaruit de 

endosymbiont door antibiotica was verwijderd. Dit resultaat is tevens een aanwijzing voor 

autoregulatie van Aj-tra transcript splicing. Bovendien werd interactie tussen AJ-TRA2 en 

AJ-TRAF aangetoond, wat een aanwijzing is voor complexvorming van AJ-TRA2 met AJ-TRAF 

voor de regulatie van pre-mRNA splicing of Aj-tra en Aj-dsx. Dit alles betekent dat AJ-TRAF 

and AJ-TRA2 nodig zijn om de auto-regulatie lus, die Aj-tra in de "AAN" positie houdt, te 

laten blijven bestaan.  

Ik postuleer dat er een feminizing splice-factor (FSF) wordt geactiveerd tijdens de oögenese 

als de sleutel tot Wolbachia-geinduceerde thelytoke vrouwelijke ontwikkeling. Het 

terugbrengen van het niveau van vrouw-specifiek Aj-tra (Aj-traF) transcripten in thelytoke 

ovaria door pupal Aj-tra RNAi, gaf verrassenderwijs geen toename van diploïde mannetjes 

te zien. Hoewel Wolbachia Aj-tra transcripten gedurende oögenese verandert, laat dit 

resultaat zien dat het induceren van Aj-traF mRNA productie tijdens oögenese, gevolgd door 

maternale provisie, niet het mechanisme is waarmee Wolbachia vrouwelijke ontwikkeling 

effectueert. Daarom is de activatie van FSF tijdens oögenese de sleutel. AJ-TRA2 is vereist, 

in combinatie met FSF, om vrouw-specifieke splicing van Aj-tra transcripten te 

bewerkstelligen, omdat reductie van ovarieel Aj-tra2 mRNA tot de productie van diploïde 

mannetjes leidde. FSF wordt verondersteld verantwoordelijk te zijn voor de hoge niveaus 

van Aj-traF mRNA levels in ovaria en de vrouwelijke ontwikkeling van thelytoke embryo's is 

het gevolg van het feit dat FSF wordt geactiveerd of wordt ingebracht door Wolbachia 

tijdens de oögenese. 
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Verder stel ik een "Paternal Genome Factor" (PGF) voor, die de vrouw-specifieke zygotische 

Aj-tra transcript splicing initieert voor de arrhenotoke vrouwelijke ontwikkeling. Bij het 

verminderen van de ovariële Aj-tra and Aj-tra2 mRNAs, vond ik geen diploïde mannelijke 

nakomelingen; alleen vrouwtjes en haploïde mannetjes. Omdat het geslacht van de 

nakomelingen niet was veranderd, duidt dit resultaat er op dat noch Aj-tra noch Aj-tra2 

mRNA als maternale bijdrage nodig is om vrouwelijke ontwikkeling van bevruchte eitjes in 

gang te zetten. Derhalve is voor het in gang zetten van het vrouwelijk-specifiek splicen van 

zygotische Aj-tra transcripten alleen maar de aanwezigheid van het paternale genoom 

nodig. Ik stel dat PGF deze taak uitvoert. PGF wordt bij de bevruchting geactiveerd en 

schakelt Aj-tra in de “AAN” stand, wat resulteert in de cel-autonome initiatie van 

vrouwelijke ontwikkeling. Omdat in onbevruchte eitjes PGF inactief is, staat Aj-tra in de 

“UIT” stand, wat leidt tot mannelijke ontwikkeling.  

Gebaseerd op deze resultaten, formuleer ik een model voor geslachtsbepaling in thelytoke 

en arrhenotoke voortplanting van A. japonica. In thelytoke vrouwtjes staat Aj-tra in de 

"AAN" stand door activatie van FSF door Wolbachia gedurende de oögenese. Ovariële Aj-

tra2 transcripten zijn daarbij noodzakelijk. In arrhenotoke vrouwtjes, wordt Aj-tra in de 

"AAN" stand gezet door de instructiefactor PGF vanaf het paternale genoom. Zonder FSF, 

door Wolbachia geactiveerd, of PGF, geïntroduceerd door het paternale genoom, ontbreekt 

auto-regulatie van Aj-tra, en mannelijke ontwikkeling is het gevolg. Onder beide types van 

voortplanting, zijn FSF en PGF niet meer nodig, zodra auto-regulatie van TRAF productie op 

de juiste manier in de zygote is opgestart.  

Thelytoke voortplanting in L. clavipes en A. japonica 

Door het vergelijken van de resultaten van L. clavipes en A. japonica, laat ik zien hoe 

Wolbachia interfereert met de geslachtsbepaling van de gastheer om aseksuele 

voortplanting te bewerkstelligen. Dat vergroot ons begrip van het tweestapsmodel van 

thelytokie. De vereiste titers voor diploïdisatie en vrouwelijke ontwikkeling kunnen 

verschillend zijn (Hoofdstuk 4). De vrouwelijke ontwikkelingsfactor FSF van A. japonica 

wordt geactiveerd tijden de oögenese as gevolg van de Wolbachia infectie (hoofdstukken 3 

and 5) en het signaal voor vrouwelijke ontwikkeling in L. clavipes vindt ook gedurende de 

oögenese plaats (hoofdstuk 4). Het is mogelijk dat de stap voor vrouwelijke ontwikkeling 

vooraf gaat aan de diploïdisatie stap. Onbevruchte, met Wolbachia geïnfecteerde thelytoke 

eitjes zijn voorbestemd om vrouwelijke ontwikkeling te ondergaan, in tegenstelling tot 

onbevruchte arrhenotoke eitjes die voorbestemd zijn voor mannelijke ontwikkeling. Een 

volgende stap in dit onderzoek is het identificeren van de voorgestelde Wolbachia (FSF) en 

paternale (PGF) factoren in de geslachtsbepaling.
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单倍二倍体（haplodiploid）昆虫通过产雄单性生殖（arrhenotoky）繁殖。未受精的

单倍体卵发育成雄性；雌性则由受精卵发育而成，因此继承父本和母本基因组。换

言之，雄性合子发育仅需要母本基因组，而雌性合子发育另外需要父本基因组的参

与。内共生菌可引发单倍二倍体的膜翅目（Hymenoptera）昆虫（例如，蚂蚁，蜜蜂，

黄蜂，叶蜂等）进行无性繁殖，即产雌孤雌生殖（thelytoky）。在产雌孤雌生殖中，

未受精卵双倍体化，发育成雌性。这些双倍体化的未受精卵由两个母本基因组拷贝

组成，而无父本基因组参与。那么，在无性繁殖下，单倍体未受精卵如何发育成雌

性？这是一个多年来在遗传进化学中悬而未决的问题。现有研究表明，内共生细菌，

例如 Wolbachia 和 Cardinium，可以改变宿主的性别决定，从而在没有父本基因组参

与的情况下诱导雌性发育。因此，在产雌孤雌生殖中，无性繁殖和性别决定这两个

过程相互影响。昆虫性别决定机理极为多样。研究产雌孤雌生殖昆虫的性别决定机

制可以为研究单倍二倍体的有性和无性繁殖机理提供资料。本论文的研究材料寄生

蜂 Leptopilina clavipes 和 Asobara japonica 均有 Wolbachia 感染的无性种群和未感染的

有性种群，且两种种群在野外均有分布。本论文研究了 Wolbachia 在 L. clavipes 和 A. 

japonica 中所引起无性繁殖的遗传基础。 

Leptopilina 昆虫不具备互补性别决定机制（Complementary Sex Determination, CSD） 

Ma et al. 已经确认 Asobara 属寄生蜂不具备互补性别决定机制（CSD），但未有研究

就 Leptopilina 属是否存在 CSD 进行系统调查。因此，本论文首先研究了 L. clavipes 及

同属 Leptopilina heterotoma 是否具有互补性别决定机制（第 2 章）。在 CSD 中，由

于携带纯合 csd 等位基因的个体发育为二倍体雄性，近亲繁殖会导致二倍体雄性的产

生。在第 2 章测试的两个 Leptopilina 种类中，多代近亲繁殖未导致二倍体雄性产生。

该实验还统计了近亲繁殖各代的种群大小，性别比，存活率和受精率，并将这些数

据与对照组（非近亲繁殖）进行了比较，排除了生存力较低或无法存活二倍体雄性

的存在可能。所有结果均表明近亲繁殖不会导致二倍体雄性产生。另外，该章节运

用对照组数据进行建模，结果同样支持了两个 Leptopilina 种不具备 CSD 的结论。因

此， CSD 不是 L. heterotoma 和 L. clavipes 的性别决定机制。  

A. japonica 中 transformer （tra）基因的调控与 Wolbachia 的数量有关 

Wolbachia 诱导的 A. japonica 产雌孤雌生殖分为两步，即未受精卵的双倍体化和二倍

体的雌性化。每个步骤的实现都取决于 Wolbachia 数量是否达到阈值。因此，

Wolbachia 的数量是诱导 A. japonica 产雌孤雌生殖的重要因素。本论文第 3 章研究了

产雌孤雌生殖的 A. japonica 中 Wolbachia 数量对性别决定关键基因 tra 转录物剪接的

影响。在迄今为止研究过的膜翅目物种中，tra 被确定是传递性别决定顶端信号的关
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键基因。早先研究在 A. japonica 和 L. clavipes 产雄单性生殖和产雌孤雌生殖的早期胚

胎中均发现了不同的转录本同工型。这一发现表明 Wolbachia 干扰了宿主中 tra 的调

控。两物种中产雌孤雌生殖的早期胚胎都含有雌性特异性的转录本，但处于相同发

育阶段无 Wolbachia 感染的胚胎则不含有雌性特异性转录本。第 3 章结果表明，在 A. 

japonica 中，该差异是在卵子发生过程中引发的。Tra 雌性特异性转录本和雌性后代

的增多同时取决于 Wolbachia 数量。该结果表明 Wolbachia 在卵子发生过程中激发了

雌性发育的早期信号，且该结论可包含在两步模型的框架内。 

L. clavipes 产雌孤雌生殖具有两步模型的证据 

本论文第 4 章研究了 A. japonica 的两步模型是否适用于 L. clavipes。根据 A. japonica

产雌孤雌生殖的两步模型，双倍体化和雌性化是两个独立的步骤，分别取决于不同

的 Wolbachia 数量。双倍体化通过配子复制这一细胞学过程完成，而雌性化则通过干

扰宿主性别决定机制而实现。相对于双倍体化，雌性化步骤需要更多数量的

Wolbachia，因此 Wolbachia 数量介于中间数值的雌虫产出二倍体雄性后代。然而在

产雌孤雌生殖的 L. clavipes 中，第 4 章结果显示虽然雌性后代的产量取决于 Wolbachia

数量，但是 Wolbachia 数量介于中间数值的雌虫产出单倍体而不是二倍体雄性后代。

这个结果可能意味着未受精卵仅依靠双倍体化就可实现雌性发育，而不再需要

Wolbachia 额外诱导二倍体的雌性化。然而，在卵子发生过程中出现了另一个依赖于

Wolbachia 数量的现象。随着雌虫中 Wolbachia 数量升高，不仅产出更多雌虫后代， 

卵巢中 tra （ Lc-tra）mRNA 水平也升高，并且 Lc-tra 的转录本在此过程中由雄性特异

型（Lc-traM）转化为雌性特异型（Lc-traF）。因此，L. clavipes 中由 Wolbachia 诱导的

产雌孤雌生殖也可能具备独立的双倍体化和雌性化步骤，但与 A. japonica 不同的是，

这两个步骤需要相似的 Wolbachia 数量。 

A. japonica 中的雌性化剪接因子（Feminizing Splice-Factor，FSF）和父本诱导因子（

Paternal Genome Factor，PGF） 

第 5 章通过蛹期 RNA 干扰（pupal RNAi）实验对 tra 及其辅助因子 transformer-2（Aj-

tra2）在 A. japonica 在卵子发生过程中产生的作用进行了研究。根据研究结果，本章

首次提出了 A. japonica 性别决定的模型。 

A. japonica 中 Aj-tra 和 doublesex（Aj-dsx）的雌性特异性剪接需要雌性特异性

Transformer 蛋白（female-specific Transformer，AJ-TRAF）以及 Transformer-2 蛋白(AJ-

TRA2)的参与。这个结论是基于蛹期注射 Aj-tra 和 Aj-tra2 双链 RNA（double strand RNA，

dsRNA）产生的效果而得出的。通过注射两种 dsRNA，产雄单性生殖、产雌孤雌生殖

以及清除共生菌的产雌孤雌生殖的 A. japonica 中， Aj-tra 和 Aj-dsx 的转录本由雌性特
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异型转变为雄性特异型。由于 AJ-TRAF由 Aj-tra 雌性特异性（female-specific Aj-tra，Aj-

traF）转录本翻译而来，该结果表明 Aj-tra 转录物剪接具备自我调节机制 （auto-

regulation）。同期进行的酵母双杂交实验证明 AJ-TRA2 和 AJ-TRAF 之间存在互作关系。 

结合上述结果可推测 AJ-TRA2 通过与 AJ-TRAF形成蛋白质复合物实现来参与调节 Aj-tra

和 Aj-dsx pre-mRNA 的剪接。雌性发育需要 Aj-tra 保持在“ON”模式， 而 Aj-tra 的自

我调节回路需要 AJ-TRAF 和 AJ-TRA2 的参与。 

第 5 章实验结果揭示了雌性化剪接因子（Feminizing Splice-Factor，FSF）在卵子发生

过程中的激活是 Wolbachia 诱导产雌孤雌生殖中雌性发育的关键。第 3 章结果表明

Wolbachia 在卵子发生过程中诱导了 Aj-tra 转录本的改变，但出人意料的是，在第 5

章中，虽然通过 Aj-tra RNAi 降低了雌虫卵巢中 Aj-traF 转录本的表达水平，但二倍体

雄性后代的产出量并未提高。该结果表明，卵子发生过程中 Aj-traF mRNA 被诱导产生

并随后提供给子代胚胎并不是 Wolbachia 导致后代雌性化发育的机制。因此，卵子发

生过程中 FSF 的激活，并导致 Aj-traF mRNA 的持续产生才是关键。另一方面，由于卵

巢 Aj-tra2 mRNA 的减少导致二倍体雄性后代的产出，FSF 可能通过与 AJ-TRA2 结合来

实现 Aj-tra 转录本的雌性特异性剪接。综上，在卵子发生过程中，Wolbachia 激活或

引入 FSF。这一过程才是卵巢中 Aj-traF mRNA 的高水平表达和 A. japonica 产雌孤雌生

殖中雌性发育的关键因素。 

本章节首次提出了一个父本诱导因子（Paternal Genome Factor，PGF）的概念。PGF

可以开启产雄单性生殖合子中雌性特异性 Aj-tra 的转录剪接，以实现雌性发育。通过

减少卵巢中的 Aj-tra 和 Aj-tra2 mRNA，未发现有二倍体雄性后代产出，仅有雌性和单

倍体雄性（第 5 章）。由于后代的性别没有改变，该结果表明母体提供的 Aj-tra 和 Aj-

tra2 mRNA 都不参与启动受精卵的雌性发育。因此，合子中启动 Aj-tra 转录本雌性特

异性剪接的过程仅需要父本基因组的存在。本章节提出由 PGF 这一父本诱导的因子

来启动合子 Aj-tra 转录本的雌性特异性剪接。PGF 在受精时被激活，将 Aj-tra 切换到

“ON”模式，从而导致细胞自主启动雌性发育。PGF 在未受精卵中没有活性， Aj-tra

因此处于“OFF”模式，从而导致雄性发育。 

基于以上结果，本章节提出了 A. japonica 中产雌孤雌生殖和产雄单性生殖的性别决定

模型。在产雌孤雌生殖的雌性发育中，由于 Wolbachia 在卵子生成过程中激活 FSF 因

子，Aj-tra 一直处于“ON”模式。这一过程需要 Aj-tra2 转录产物的参与。在产雄单

性生殖的雌性发育中，来自父本基因组的指令因子 PGF 将 Aj-tra 设为“ON”模式。

如果既没有 Wolbachia 激活或引入的 FSF，又没有由父本基因组引入的 PGF，则无法

开启 Aj-tra 的“ON”模式，即会导致雄性发育。在这两种生殖方式下，一旦在合子

中开启 AJ-TRAF 的自我调节循环，雌性发育通路就不再需要 FSF 或 PGF 的参与。 
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L. clavipes 和 A. japonica 的产雌孤雌生殖 

本论文通过比较 L. clavipes 和 A. japonica 系统研究了 Wolbachia 如何干扰宿主的性别

决定以实现宿主的无性繁殖。研究结果进一步阐释了产雌孤雌生殖的两步模型。二

倍体化和雌性化所需的共生菌数量不一定具备差异（第 4 章）。由于 Wolbachia 的感

染，A. japonica 中的雌性发育因子 FSF 在卵子发生期间被激活（第 3 章和第 5 章），

而 L. clavipes 中的雌性发育信号也在卵子发生过程中产生（第 4 章）。因此，雌性化

发育步骤可能发生在二倍体化步骤之前。就未受精卵而言，与产雄单性生殖中发育

为雄性不同，Wolbachia 感染的产雌孤雌生殖未受精卵注定要发育为雌性。后续研究

将进一步验证 Wolbachia 激活／诱导因子（FSF）和父本诱导因子（PGF）在性别决定

中的作用。 
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