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Sex determinationSex determinationSex determinationSex determination    

Sex determination is a ubiquitous developmental process in eukaryotes. It entails the 

differentiation of two sexual functions and leads to the development of female and male 

morphologies and behaviours. These two sexual functions can be combined in a single 

individual, called a hermaphrodite, or separated into two individuals, referred to as 

gonochorism. Sex determination being a basic developmental process, the underlying 

developmental pathway may at first sight not allow for many modifications to prevent incorrect 

securing of the two sexes. Still, despite its universality within the eukaryotic domain, sex 

determination is characterized by a wide variety of fast evolving mechanisms. 

Genotypic sex determination include both male (XY) and female (ZW) heterogametic 

systems. In the former, females are homogametic and have two XX chromosomes, whereas 

heterogametic XY individuals develop as males. The XX/XY sex determination system is present 

in many organismal groups including all mammals. The ZW/ZZ system with heterogametic ZW 

females and homogametic ZZ males is present in e.g. birds and butterflies (Beukeboom & Perrin, 

2014). In many cases the Y chromosome carries a dominant male determining gene and the W 

chromosome a dominant female determiner. These heterogametic sex determination systems 

can also lack a homolog of the X or Z chromosome, leading to XX/XO and ZZ/ZO systems. In 

those systems, but also in some systems in which the Y (or W) is present, sex is determined by 

the ratio of X or Z to autosomes. These systems occur in e.g. the fly Drosophila, the roundworm 

Caenorhabditis elegans and the plant Rumex (Haag, 2005; Navajas-Perez et al., 2005). A 

genotypic system that does not involve distinct heteromorphic sex chromosomes is haplodiploid 

sex determination, in which females are diploid and males are haploid. 

 

Haplodiploid sex determinationHaplodiploid sex determinationHaplodiploid sex determinationHaplodiploid sex determination    

Haplodiploidy is found in multiple branches of arthropods. All ants, bees, wasps and sawflies of 

the insect order Hymenoptera reproduce by haplodiploidy, as do all thrips (Thysanoptera). The 

mites (Acari) and beetles (Coleoptera) have haplodiploid reproduction in a number of groups 

(Normark, 2003). In an arrhenotokous haplodiploid system, a female can determine the sex of 

her offspring by control over fertilization of her eggs. Females are diploid and develop from 

fertilized eggs, whereas males are haploid and develop from unfertilized eggs. The males only 

share a chromosome set with their mother, whereas the females receive a chromosome set 

from each parent. This mechanism of arrhenotoky is most common and ancestral in the 

Hymenoptera. 

Thelytoky is an alternative haplodiploid reproductive system. It is less common but has 

many independent origins, especially within the Hymenoptera (Cook, 1993; Godfray, 1994). In 

thelytokous systems the entire species or population consists of diploid females that are capable 

of parthenogenetically producing diploid female offspring. Thelytokous mechanisms are divided 

in two types: caused by nuclear genes or caused by endosymbiotic bacteria. Both types can be 

found in multiple families of the Hymenoptera (Figure 1.1). The underlying cytological 
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mechanisms can vary and cause retention of heterozygosity up to complete homozygosity 

(Suomalainen et al., 1987; Mateo Leach et al., 2009). Apomixis is a form of mitotic 

parthenogenesis that is widespread in insects, but rare in Hymenoptera (Suomalainen et al., 

1987). Offspring of this type are identical to their mother as sister chromatids pair during 

meiosis, which results in retention of the maternal heterozygosity (Suomalainen et al., 1987). 

The most common cytological mechanisms of thelytoky in Hymenoptera are automixic types. 

These forms involve fusion of haploid nuclei during meiosis, such as terminal fusion or central 

fusion (Suomalainen et al., 1987; Mateo Leach et al., 2009). Both types retain some level of 

heterozygosity. Gamete duplication, which involves a normal meiosis, refers to restoration of 

diploidy in the first mitotic division (Suomalainen et al., 1987), leading to complete 

homozygosity. Gamete duplication is the mechanism involved in all thus far tested cases of 

Wolbachia-induced thelytoky in Hymenoptera (Mateo Leach et al., 2009) 

 

Sex determination Sex determination Sex determination Sex determination genes in insectsgenes in insectsgenes in insectsgenes in insects    

Sex determination in insects occurs through a cascade of sex determination genes. Three 

different levels of genes characterize these pathways (Bopp et al., 2014). At the bottom of the 

cascade is the execution phase which realizes the sexually dimorphic traits. This is controlled by 

the transduction level that fixes and memorizes the selected sexual mode. The transducing 

genes are sex-specifically spliced switches that enable the developing organism to adhere to its 

taken pathway. At the top of the cascade are the genes that instruct the transducing genes. 

These primary signaling genes that start the cascade are highly diverged. In general, genes at the 

bottom of the cascade are most conserved, and cascades evolve upwards by the addition of 

new genes to the top (Wilkins, 1995). 

The master switch at the bottom of the sex determination cascade is doublesex (dsx). 

Dsx is classified in a group of DNA-binding motif dsx/mab-3 (DM) domain encoding genes that 

are present and potentially involved in sex determination in vertebrates and invertebrates 

(Suzuki et al., 2001; Hodgkin, 2002). This transcription factor is conserved between insect 

groups and regulates sexual differentiation genes (Burtis & Baker, 1989). It has thus far been 

identified in a range of Diptera, Hymenoptera and Lepidoptera (Burtis & Baker, 1989; Suzuki et 

al., 2003; Hediger et al., 2004; Oliveira et al., 2009). In insects, dsx transcripts are spliced 

differently in females and males, which leads to the production of female and male specific DSX 

proteins. 

Transformer (tra) is the gene controlling the female-specific splicing of dsx pre-mRNA 

in most, but not all insects (Chapter 2). A hallmark of insect sex determination is that both tra 

and dsx are regulated via sex-specific splicing; they form the transducing level of the sex 

determination cascade (Bopp et al., 2014). The tra gene is not functionally conserved outside 

the insect class, e.g. tra is not involved in the environmental sex determination of the 

crustacean D. magna (Kato et al., 2010). TRA belongs to a class of SR-type proteins characterized 

by regions of many arginines (R) and serines (S). TRA contains several conserved domains, one of 
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which is only shared amongst the Diptera (the DIP domain), another only present in the 

Hymenoptera (the HYM domain) (Verhulst et al., 2010b). When TRA proteins are absent dsx will 

be spliced in the male mode. Male development is induced when tra transcripts are knocked 

down by RNA interference (RNAi) in dipterans, Tribolium castaneum (Coleoptera), Apis mellifera 

and Nasonia vitripennis (Hymenoptera) (Pane et al., 2002; Lagos et al., 2007; Hasselmann et al., 

2008a; Verhulst et al., 2010a; Shukla & Palli, 2012a). Switching tra in an ON modus in early 

embryonal development is crucial for establishing and maintaining the female mode. An active 

autoregulatory tra loop results in a continuous production of TRA protein which regulates 

female-specific splicing of dsx pre-mRNA. However, when the loop is interrupted by, for 

example, a male-determining factor, male specific splicing ensues of both tra and dsx. 

Tra has not been identified in all insects in which it was looked for and its sequence 

appears to diverge rapidly (O’Neil & Belote, 1992; Salvemini et al., 2013) (Chapter 2). 

Comparative and functional studies are needed to clarify the identity and role of tra in the 

different sex determination mechanisms. Presence of sex-specific splice variants is a strong 

indicator that a tra homolog has conserved its sex-determining functions. The male splice 

variants contain additional exons which lead to an early STOP-codon and a truncated TRA 

protein. The female splice variants code for all distinctive domains. The most conserved of these 

is the Ceratitis-Apis-Musca (CAM) domain that is suggested to implement the autoregulatory 

feature of tra (Hediger et al., 2010). Its nomenclature is based on the initial species in which this 

region was described. The CAM domain is found in all tra orthologs, except in tra of drosophilids 

(Verhulst et al., 2010b). Other distinctive regions in female-specific TRA peptides are an 

arginine-serine region and a proline-rich region (Verhulst et al., 2010b). Knowledge on the 

functionality of TRA domains is severely lacking. 

Transformer-2 (tra2) is highly conserved among insects and acts at the same level as 

tra in the sex determination cascade. Yet, it is often not portrayed as part of the sex 

determination cascade. Despite their nomenclature, tra and tra2 do not share sequence 

homology. A sufficient level of TRA and TRA2 during early embryonal development is necessary 

for female development in T. castaneum and various dipterans (Lagos et al., 2007; Ruiz et al., 

2007b; Salvemini et al., 2009; Sarno et al., 2010; Shukla & Palli, 2012a, 2013; Liu et al., 2015). 

Furthermore, tra2 retains its necessity in female development in systems which lack maternal 

provision of female-specific tra (Nissen et al., 2012). Tra2 can translate into only a single isoform 

or multiple isoforms that each code for an RNA binding domain (RBD) flanked on either side by 

arginine-serine rich regions (Burghardt et al., 2005; Niu et al., 2005; Concha & Scott, 2009; 

Salvemini et al., 2009; Sarno et al., 2010; Martín et al., 2011; Nissen et al., 2012; Schetelig et al., 

2012; Shukla & Palli, 2013; Liu et al., 2015). Typically tra2 does not display sex-specific splicing. 

The one exception is found in D. melanogaster, which has a testes-specific splice variant of tra2 

that results in a negative auto-feedback loop (Mattox & Baker, 1991; Mattox et al., 1996; 

McGuffin et al., 1998). 
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The primary signals in the sex determination cascade are not conserved and vary 

enormously among insects. In diploid homogametic (female) Drosophila melanogaster a 

concentration of X-linked signal elements activates the establishment of the promoter of the 

sexlethal (sxl) gene (Keyes et al., 1992; Erickson & Quintero, 2007). In other dipterans sex is 

determined by the absence or presence of a male-determining M factor (Dübendorfer et al., 

2002; Pane et al., 2002). Masculinizing factors have been identified in several nematoceran 

dipterans (Hall et al., 2015; Krzywinska et al., 2016), but these species lack tra as the transducing 

element in their sex determination cascade (Salvemini et al., 2013) (Chapter 2). The housefly 

Musca domestica, belonging to the Brachycera branch of Diptera, possesses a conserved tra 

gene and has a duplication of nucampholin that acts as a masculinizing factor on top of its sex 

determination cascade (Sharma et al. submitted). 

Genetic studies of sex determination in haplodiploid systems have thus far only been 

performed in the Hymenoptera, and only in arrhenotokous systems. The mechanisms 

uncovered in A. mellifera and N. vitripennis, which are described in the next two sections, can 

provide a framework for studies in other haplodiploid sex determination systems. 

 

Genetic models of sex determination in haplodiploid systems Genetic models of sex determination in haplodiploid systems Genetic models of sex determination in haplodiploid systems Genetic models of sex determination in haplodiploid systems ––––    Complementary sex determinationComplementary sex determinationComplementary sex determinationComplementary sex determination    

The fundamental question in sex determination of haplodiploid systems is how one set of 

chromosomes leads to males and two sets of chromosomes to females. The first insights into 

this question were obtained by (Whiting, 1943) who described complementary sex 

determination in his studies on Habrobracon. Under complementary sex determination (CSD) 

sex is determined by the allelic state of a sex determination locus. An individual homozygous or 

hemizygous at the csd-locus will develop into a male, while heterozygous individuals will 

become female. The presence of CSD can be detected through inbreeding studies because they 

lead to homozygous diploids that develop as males. For example, in the case of single locus CSD 

(sl-CSD) a brother-sister cross will result in 50% of diploid offspring homozygous at the csd-locus, 

which is seen as a shift to a more male-biased sex ratio, irrespective of whether the diploid 

males are viable or not (Cook, 1993; Beye et al., 2003; Beukeboom & van de Zande, 2010). 

Multi-locus CSD (ml-CSD) (Crozier, 1971), in which sex is determined by the allelic state of 

multiple loci, has been reported for the braconid wasps Cotesia vestalis, Cotesia rubecula and 

Diachasmimorpha longicaudata (de Boer et al., 2008, 2012; Carabajal Paladino et al., 2015). A 

ml-CSD mechanism results in diploid male development if all loci are homozygous. 

CSD has been inferred in more than 60 hymenopteran species (van Wilgenburg et al., 

2006; Heimpel & de Boer, 2008). It has so far not been detected in the large superfamilies of the 

Chalcidoidea and Cynipoidea (Figure 1.1). Character mapping placed CSD as the possible 

ancestral mechanism in the Hymenoptera (Asplen et al., 2009). However, few tests have been 

performed on the more ancestral families, and most of the data come from a few derived 

groups, such as the Apoidea. In naturally inbreeding species presence of CSD would be  
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disadvantageous, as it would result in large numbers of diploid males, though this effect would 

be reduced under ml-CSD. Diploid males are inviable, infertile or culled in almost all species (but 

see Cowan & Stahlhut (2004)). Little is known about the molecular details of alternative 

mechanisms of sex determination, e.g. those that are not sensitive to diploid male production 

under inbreeding. 

The molecular mechanism of CSD has thus far only been studied in A. mellifera (Beye et 

al., 2003). The csd gene in the honeybee has been characterized and was found to contain many 

different alleles, ascertaining heterozygous female development (Hasselmann & Beye, 2004). 

Csd is a paralog of feminizer (the honeybee ortholog of transformer) and controls the sex-

specific splicing of feminizer as the primary signal of the sex determination cascade in A. 

mellifera (Beye et al., 2003). 

 

Genetic models of sex determination in haplodiploid systems Genetic models of sex determination in haplodiploid systems Genetic models of sex determination in haplodiploid systems Genetic models of sex determination in haplodiploid systems ----    ImprintingImprintingImprintingImprinting    

Inbreeding and most forms of thelytokous reproduction are incompatible with CSD because they 

lead to homozygosity and subsequent development of diploid individuals into (sterile or 

inviable) males rather than females. This means that alternative mechanisms are at play in such 

groups. Alternative models of sex determination under haplodiploidy include genic balance sex 

determination (Da Cunha & Kerr, 1957), sex determination by the ratio of nuclear to cytoplasmic 

products (Crozier, 1971), and fertilization sex determination, in which not the ploidy, but 

fertilization determines the sex (Whiting, 1960). These older models have been discarded for N. 

vitripennis and to date no empirical support has been found for them in other Hymenoptera 

(Beukeboom & van de Zande, 2010). 

The genomic imprinting model (Poirie et al., 1992; Beukeboom, 1995) is a non-CSD 

model that received empirical support (Dobson & Tanouye, 1998; Beukeboom & Kamping, 2006; 

Verhulst et al., 2010a). This model originally proposed that loci are differentially imprinted by 

maternal and paternal inheritance. The model has been extended to include activation by 

maternally provided components and is now known as the Maternal Effect Genomic Imprinting 

Sex Determination (MEGISD) model. It is a maternal effect sex determination system that 

consists of a maternally imprinted sex determination gene that acts in combination with 

maternal provisioning of mRNA to the embryo (Beukeboom et al., 2007b; van de Zande & 

Verhulst, 2014). This model has been validated for the naturally inbreeding wasp N. vitripennis, 

which produces no diploid males after inbreeding and does not have CSD (Skinner & Werren, 

1980; Werren et al., 2010). 

The molecular details of the non-CSD system of N. vitripennis have been elucidated 

starting from conserved elements of the sex determination cascade. Dsx and tra have been 

characterized from N. vitripennis, but csd or any other tra duplication is absent (Hasselmann et 

al., 2008a; Oliveira et al., 2009; Verhulst et al., 2010a; Werren et al., 2010). Different N. 

vitripennis strains can produce polyploid individuals or induce female development in haploids, 

which excluded several models of sex determination (Beukeboom et al., 2007a). The MEGISD 
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model was tested in N. vitripennis by examining the regulation of tra and dsx (Figure 1.2). 

Knockdown of tra by parental RNAi (pRNAi) revealed that maternal input of female specific tra 

mRNA is necessary for female development (Verhulst et al., 2010a). In unfertilized eggs, which 

lack a paternal chromosome set, the zygotic tra expression is blocked, preventing female 

specific tra mRNA production, leading to haploid male development. This suggested that the 

mother has imprinted a gene that is conversely not imprinted on the paternal chromosome set 

(Figure 1.2a). The allelic origin of embryonic tra transcripts was determined to test whether tra 

itself was the imprinted gene. As early zygotic tra transcription originated from both the 

paternal and the maternal allele (Verhulst et al., 2013), the womanizer (wom) gene was 

proposed a tra transcription factor on top of the sex determination cascade, which indicated 

that not tra but wom is maternally silenced. In diploid embryos maternal tra mRNA is translated 

to TRA protein and splices the zygotic tra pre-mRNA, creating an autoregulatory loop that 

maintains zygotic tra. This can be achieved by the presence of an active paternal wom copy that 

switches on tra expression (Figure 1.2b). In haploid embryos, only in possession of a maternal 

chromosome set with a silenced wom allele, this zygotic activation of tra does not occur, despite 

the maternal provision of tra. The MEGISD model in N. vitripennis relies on the maternal 

provision of tra
F
 mRNA and maternal silencing of wom by the maternal imprinting gene (these 

are the maternal effects) and paternal contribution of a non-imprinted chromosome set. This 

model is an interesting candidate sex determination mechanism for other non-CSD species. 
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Figure Figure Figure Figure 1.1.1.1.2222. The MEGISD model of sex determination in Nasonia vitripennis (panel a). The genomic imprinting is 

illustrated by the silenced copy of womanizer (wom) on the maternal chromosome set and the active copy of wom 

on the paternal chromosome set (Verhulst et al., 2013). The maternal imprinting gene is responsible for silencing 

the maternal copy of wom, the exact nature of this gene is unknown. The paternal copy in combination with 

maternally provided transformer
F
 (tra

F
) mRNA activates zygotic transcription of tra

F
. The maternal effect consists 

of tra
F
 (Verhulst et al., 2010a) and transformer (tra2) (described in Chapter 3) mRNA provision by the mother to 

her oocytes. Panel b. displays the sex determination cascade in haploid males and diploid females. Maternally 

provided tra and tra2 mRNA is translated (depicted by black arrows) into proteins that can form the TRA/TRA2 

complex. This complex combined with an active copy of wom can activate (depicted by grey arrows) the tra 

autoregulatory loop in diploid zygotes from fertilized eggs, while in haploid embryos tra cannot be spliced in the 

female mode in absence of a paternal genome. Zygotically activated tra and tra2 translate into TRA
F
 and TRA2, 

which form a complex to direct female-specific splicing of downstream doublesex (dsx). 
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Endosymbiotic manipulation of reproduction Endosymbiotic manipulation of reproduction Endosymbiotic manipulation of reproduction Endosymbiotic manipulation of reproduction     

Maternally transmitted endosymbionts are found in a large proportion of arthropods (O’Neill et 

al., 1997). Wolbachia bacteria are the most common endosymbiont and present in 

approximately 40% of terrestrial arthropod species (Zug & Hammerstein, 2012). These 

endosymbionts can have different effects on reproduction of their host, which can be grouped 

in four categories: cytoplasmic incompatibility, male killing, feminization and thelytokous 

parthenogenesis (Stouthamer et al., 1999; Werren et al., 2008). In the case of cytoplasmic 

incompatibility, if an infected male mates with a female without the same endosymbiont 

infection, she will not produce viable offspring. An infected female on the other hand can mate 

with an uninfected male and all their offspring will carry the maternally transmitted 

endosymbiont (Stouthamer et al., 1999). Male killing endosymbionts prevent development of 

embryos that would develop into males. It is suggested that this can occur through lethal 

feminization of infected males (Kageyama & Traut, 2004). Thelytokous parthenogenesis that is 

induced by endosymbionts is known from many hymenopteran species (Duron et al., 2008; 

Werren et al., 2008). Parthenogenesis under endosymbiont induction must consist of 

diploidization and feminization, which then results in a lineage consisting of diploid females. In 

most cases it is suggested that the endosymbionts cause diploidization of haploid eggs, and this 

change in ploidy would be sufficient to induce female development. At least two cases are 

documented where male offspring is feminized without the endosymbiont changing the ploidy 

of the embryos. Haploid Brevipalpus phoenicis mites are feminized by their yet-to-be-identified 

endosymbiont resulting in a species that consists entirely of haploid females (Weeks et al., 

2001). The second case will be described below and consists of diploid feminized Encarsia 

hispida wasps (Giorgini et al., 2009). 

There is recent evidence to suggest that endosymbionts can manipulate sex 

determination pathways. In the moth Ostrinia scapulalis genotypic males infected with 

Wolbachia transcribe the female-specific splice variant of dsx (Sugimoto & Ishikawa, 2012). 

Conversely, genotypic females that are cured of their Wolbachia infection display male-specific 

splicing of dsx. Both the feminized males and masculinized females are not viable in this male 

killing Wolbachia system. In Ostrinia furnacalis expression of the masculinizing gene Masc is 

repressed when infected with Wolbachia (Fukui et al., 2015). The Ostrinia system led to the idea 

that endosymbionts may gain their transmission advantage through manipulating the regulation 

of host sex determination genes (Beukeboom, 2012). 

Beyond the Ostrinia system, very little is yet known about how Wolbachia (or other 

endosymbionts) can interfere with sex determination cascades and at which levels of the 

cascade this interaction could occur. Interference at the highest levels of the cascade would 

seem most effective, as a later interaction may lead to ambiguous splicing signals and 

intersexes. The two most extreme categories (feminization and thelytokous parthenogenesis) 

require an early interaction with the sex determination mechanism of the host. In systems with 

sex chromosomes a feminizing action of the endosymbiont will feminize genetically male 
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embryos. The infection rate usually remains low in these populations as many of these systems 

do require the presence of uninfected males to mate the infected females. It is not known at 

which level of the sex determination cascade the endosymbiont interactions can take place and 

how the endosymbionts can control their host’s sex determination mechanism. 

 

Sex determination in Sex determination in Sex determination in Sex determination in the Ichneumonoideathe Ichneumonoideathe Ichneumonoideathe Ichneumonoidea    superfamilysuperfamilysuperfamilysuperfamily    and the and the and the and the AsobaraAsobaraAsobaraAsobara    genusgenusgenusgenus    

The superfamily of Ichneumonoidea consists of species representing various reproductive 

modes (arrhenotoky and thelytoky) and sex determination mechanisms (CSD and non-CSD). It 

contains the two families Ichneumonidae and Braconidae. The Ichneumonidae consists mostly 

of sl-CSD species. For example, the ichneumonid Venturia canescens has both arrhenotokous 

and thelytokous populations, as well as sl-CSD (Beukeboom, 2001; Schneider et al., 2002). 

Thelytoky in this species is not the result of endosymbiont infection and diploidy is restored 

through central fusion automictic parthenogenesis that maintains heterozygosity (Beukeboom & 

Pijnacker, 2000; Mateo Leach et al., 2009). In the Braconidae family, the genus Cotesia contains 

both sl-CSD (Cotesia glomerata (Zhou et al., 2006)), ml-CSD (C. vestalis and C. rubecula (de Boer 

et al., 2008, 2012)) and non-CSD (Cotesia flavipes and Cotesia sesamiae (Niyibigira et al., 2004a, 

2004b)) species. 

The Asobara genus (Braconidae) consists of species that are solitary parasitoids of 

Drosophila larvae (Carton et al., 1986). Asobara tabida is the most extensively studied, it is 

arrhenotokous and occurs in Europe and North America. The sex determination mechanism in A. 

tabida has tested negative for sl-CSD through inbreeding crosses (Beukeboom et al., 2000). 

Subsequent more extensive inbreeding tests for ml-CSD rejected any models for two up to five 

sex determining loci in this species and three additional Asobara species (Asobara citri, A. 

japonica, Asobara pleuralis) (Ma et al., 2013). The sex determination mechanism of A. tabida is 

still unknown, but it might resemble the MEGISD system of N. vitripennis. 

A. japonica occurs in South-East Asia (Mitsui et al., 2007) with thelytokous populations 

in temperate regions, but arrhenotokous populations in subtropical regions. Thelytokous 

populations of A. japonica are infected with Wolbachia, whereas arrhenotokous populations 

appear devoid of endosymbionts (Kremer et al., 2009). When thelytokous females are cured of 

their Wolbachia infection with antibiotic treatment they will produce haploid male offspring. 

The thelytokous reproduction of A. japonica induced by Wolbachia occurs in two separate steps 

(Ma et al., 2015). A low density (titer) of Wolbachia, experimentally induced by applying low 

amounts of antibiotics, diploidizes the haploid oocyte, but this diploid status does not 

automatically result in female development. Instead, diploid males develop from such eggs with 

an intermediate Wolbachia titer. A high (normal) titer of Wolbachia leads to both diploidization 

and feminization of the oocyte. This results in development of a diploid female. Thus, in this 

species, endosymbionts do not merely cause parthenogenesis by creating a diploid embryo, 

which would then develop into a female by the host’s sex determination mechanism, but an 

additional feminization step is needed. As mentioned before, a similar system appears to be 
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present in Encarsia hispida, which is infected with Cardinium endosymbionts. These bacteria 

interfere with sex determination but are not responsible for genome duplication (Giorgini et al., 

2009). Instead, they feminize already diploid male embryos. It is currently unknown how 

widespread two-step mechanisms of endosymbiont-induced thelytoky are. Moreover, the 

details of the genetic feminization mechanism are completely obscure. 

 

Sex determination in the Cynipoidea Sex determination in the Cynipoidea Sex determination in the Cynipoidea Sex determination in the Cynipoidea supersupersupersuperfamily family family family and the and the and the and the LeptopilinaLeptopilinaLeptopilinaLeptopilina    genusgenusgenusgenus    

The variety in sex determination modes of the Ichneumonoidea is probably not present to the 

same extent in the Cynipoidea superfamily (Figure 1.1). All assessed species in this superfamily 

have tested negatively for sl-CSD (Biémont & Bouletreau, 1980; Hey & Gargiulo, 1985) or 

possess a type of thelytoky that results in complete homozygosity (Stille & Dävring, 1980; 

Plantard et al., 1998; Pannebakker et al., 2004b). The range and number of species tested is 

however limited. Parsimonious character mapping identifies this phylogenetic branch as non-

CSD (Asplen et al., 2009). Beyond this likely exclusion of CSD it is unknown which types of sex 

determination mechanisms are present in the Cynipoidea. 

Members of the Leptopilina genus of the Cynipoidae have a similar life history to 

Asobara wasps. Leptopilina species are solitary parasitoids of a range of Drosophila species 

(Carton et al., 1986). Leptopilina heterotoma and Leptopilina boulardi are the most extensively 

studied species; both are arrhenotokous and suggested to lack CSD (Biémont & Bouletreau, 

1980; Hey & Gargiulo, 1985). Several other Leptopilina species may be entirely thelytokous 

(Wachi et al., 2015), whereas Leptopilina longipes and Leptopilina clavipes consist of 

arrhenotokous and thelytokous populations (Nordlander 1980, Vet 1983) (Wachi et al., 2015). 

The arrhenotokous populations of L. clavipes are restricted to northern Spain, but thelytokous 

populations have been found across all northwestern Europe (Nordlander 1980) (Pannebakker 

et al., 2004c). Thelytokous L. clavipes parasitizes fungivorous Drosophila, but arrhenotokous 

individiduals can attack a wider range of hosts (Pannebakker et al., 2008). The Wolbachia 

infection has apparently spread horizontally through the northwest-European populations 

(Kraaijeveld et al., 2011). Like in many systems, the thelytokous wasps can be cured from their 

Wolbachia infection and will then produce males (Schidlo et al., 2002). The males have reduced 

sexual functions but are still capable of mating arrhenotokous females and fertilizing their eggs 

(Pannebakker et al., 2004a). Wolbachia induces diploidization based on the cytological type of 

thelytoky (Pannebakker et al., 2004b) suggesting that males from cured thelytokous mothers are 

haploid. It is however unknown whether diploidization in itself causes feminization or through a 

two-step mechanism alike A. japonica (Ma et al., 2015)  

 

Thelytoky and sex determination mechanismsThelytoky and sex determination mechanismsThelytoky and sex determination mechanismsThelytoky and sex determination mechanisms    

The mechanisms of thelytoky and sex determination are mutually informative on each other. 

Certain types of sex determination mechanisms are expected to be incompatible with thelytoky 

because of complete homozygosity of diploid individuals. Endosymbiont-induced thelytoky can 
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be used to study the interaction between reproductive mode and sex determination, because 

the infection can often be removed. This results in the possibility to study endosymbiont-

induced female development and cured male development in the same genomic background. 

Furthermore, in A. japonica cured males of the thelytokous lineage can be used to introgress the 

thelytokous genome into an arrhenotokously reproducing wasp lineage (Ma et al., 2014a). This 

allows for separation of the nuclear background and the endosymbiont effect, which is exploited 

in this thesis to investigate the molecular mechanisms of host manipulation by endosymbionts. 

Conversely, mechanisms with which the endosymbiont manipulates its host, and the levels of 

sex determination at which it interacts, can shed light on the underlying arrhenotokous sex 

determination mechanism. 

 

THESIS OVERVIEWTHESIS OVERVIEWTHESIS OVERVIEWTHESIS OVERVIEW    

In this thesis I aim to gain insight in how reproductive mode and sex determination interact 

under haplodiploidy in the Hymenoptera. I investigate mechanisms of sex determination in 

various arrhenotokous and thelytokous systems. I assess the divergence of sex determination 

genes and their role in sex determination to gain more insight in the evolution of the insect sex 

determination cascade. Special attention is given to the possible interference of Wolbachia with 

sex determination regulation. Focus is on two study systems, Asobara and Leptopilina, that 

combine arrhenotokous and thelytokous modes of reproduction. As all data-chapters are multi-

authored articles, I will describe these chapters in my thesis using the plural form. 

 Chapter 2 is a literature study of characterized tra and dsx genes in insects and 

presents a screen for putative homologs of tra and dsx in insect groups yet to be studied. We 

review documented sex determination genes and the phylogenetic grouping of species that 

possess or lack tra. BLAST-searches are performed to expand knowledge of the sex 

determination cascade to groups that have recently been subjected to Next Generation 

Sequencing (NGS). Our results indicate that tra is recruited into a sex determination function at 

the base of the holometabolous insects. However, we find also evidence for secondary losses in 

Lepidoptera and in the basal lineage of Diptera. The relative ease with which transcriptomic or 

genomic data can now be produced will open up further screening possibilities for sex 

determination genes. It does however not inform on their functionality in the sex determination 

cascade. For this, follow-up functional genetic studies need to be performed. We perform these 

tests in the following chapters. 

In Chapter 3 we investigate the functional role of tra2 in the MEGISD system of N. 

vitripennis through parental RNA interference (pRNAi) knockdown studies. We test whether 

maternal provision of tra2 is necessary to induce female development in fertilized eggs. A 

reduced tra2 maternal input leads to reversion of female to male development of diploid 

offspring. Additionally, haploid tra2 pRNAi offspring displayed a strongly reduced viability, 

indicating crucial roles of tra2 in early embryo development. Diploid development and fertility 

was studied after tra or tra2 pRNAi. A large proportion of diploid offspring does not survive the 
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early embryonic stages, however the surviving RNAi-induced diploid males are fully fertile. This 

suggests an incompatibility between the paternal genome set and male development of the 

diploid offspring.  

 The sex determination cascade of A. tabida is investigated in Chapter 4. We identify 

tra, tra2 and dsx and characterize their sex-specific and alternative splicing modes. As A. tabida 

belongs to the most basal Hymenopteran taxon surveyed thus far it suggests that the central 

axis of tra and dsx is conserved within the Hymenoptera. The maternal provision of these sex 

determination genes is further investigated in this arrhenotokous species. Surprisingly, female-

specific tra is not deposited into the eggs. However, an alternative splice variant of tra, 

containing a duplicate CAM domain, is provided to the embryos, along with a highly conserved 

tra2. These results require an adjustment to the MEGISD system in order to be valid for A. 

tabida.  

 In Chapter 5 we investigate tra regulation in arrhenotokous and thelytokous L. clavipes. 

Tra appears duplicated in this species; the duplicated copy is referred to as traB, and tra and 

traB show high homology. Tra displays distinct haplotypes between arrhenotokous and 

thelytokous populations, whereas traB does not. Female-specific tra maternal provision is also 

absent in this species, but notably only in the arrhenotokous wasps, which do however provide 

traB mRNA to their embryos. In contrast, thelytokous wasps maternally provide female-specific 

tra mRNA to their eggs in addition to traB, indicating that Wolbachia manipulates tra regulation, 

or an upstream signal in the cascade, to gain control over the sex determination mechanism. 

This hijacking of the host’s sex determination signifies a novel way of Wolbachia action to 

manipulate its host into female production. 

 Chapter 6 examines whether and how Wolbachia differentially regulates tra2 and tra 

in arrhenotokous and thelytokous A. japonica. This species is not closely related to L. clavipes 

but displays interesting parallels in its putative sex determination mechanism. Tra2 

demonstrates novel female-specific splice variants that may only be present in the female 

germline and as maternal provision in early embryos. Tra in A. japonica displays alternative 

splice variants similar to those identified in A. tabida (Chapter 4). It shares the lack of female-

specific tra maternal provision in arrhenotokous A. tabida and L. clavipes. Thelytokous females 

however, do provide female-specific tra to their offspring, similar to thelytokous L. clavipes. If 

the Wolbachia infection is removed, A. japonica wasps do not provide female-specific tra to 

their offspring anymore. Wolbachia appears to specifically act upon the tra component of the 

sex determination cascade, as no effect is observed on tra2 regulation. 

 Chapter 7 provides an overview of the identified sex determination genes and putative 

mechanisms presented in this thesis. I document the contrast between, on the one hand, 

conserved elements in the sex determination cascade, and, on the other hand, rapid changes in 

sex determination mechanisms. Furthermore, I discuss the novel detected mechanisms in the 

context of sex determination evolution, as well as the implications of Wolbachia-induced 

thelytoky for sex determination regulation, and propose directions for future research. 
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ABSTRACTABSTRACTABSTRACTABSTRACT    

Sex determination in insects is characterized by a gene cascade that is conserved at the bottom 

but contains diverse primary signals at the top. The bottom master switch gene doublesex (dsx) 

is found in all insects. Its upstream regulator transformer (tra) is present in the orders 

Hymenoptera, Coleoptera and Diptera, but has thus far not been found in Lepidoptera and in 

the basal lineages of Diptera. Tra is presumed to be ancestral to the holometabolous insects 

based on its shared domains and conserved features of autoregulation and sex-specific splicing. 

We interpret that its absence in basal lineages of Diptera and its order-specific conserved 

domains indicate multiple independent losses or recruitments into the sex determination 

cascade. Duplications of tra are found in derived families within the Hymenoptera, characterized 

by their complementary sex determination (CSD) mechanism. As duplications are not found in 

any other insect order they appear linked to the haplodiploid reproduction of the Hymenoptera. 

Further phylogenetic analyses combined with functional studies are needed to understand the 

evolutionary history of the tra gene among insects.    
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    

The development into different sexes is a widespread phenomenon in eukaryote organisms. 

Despite its fundamentality, the mechanisms governing the determination and development of 

the sexes are widely diverged, even on small evolutionary time-scales and between related 

organismal groups (Bull, 1983; Marshall Graves, 2008). We are still far from grasping the full 

breadth of this diversity, and we have very little understanding of the evolutionary forces that 

drive it. Only a limited number of animal taxa have been investigated to a considerable extent. 

Sex determination in mammals and birds is rather invariable, but notably fish and insects are 

known for their rapid turnovers in the function and nature of sex determination genes (Devlin & 

Nagahama, 2002; Sánchez, 2008). In this short review, we consider the genetic regulation of sex 

determination in insects with a focus on the phylogenetic distribution of two important genes, 

doublesex (dsx) and transformer (tra). Sex determination in insects is characterized by a gene 

cascade that is conserved at the bottom but contains diverse primary signals at the top. The 

bottom master switch gene is dsx and is found in all insects studied to date. Its upstream 

regulator is tra whose phylogenetic distribution shows some remarkable patterns, it being 

present in some groups but not others (see below). 

    

Sex determination cascadesSex determination cascadesSex determination cascadesSex determination cascades    

Sex determination in insects is organized as a hierarchical order of genes which is termed a 

genetic cascade. A primary signal is passed through a series of sex determination genes ending 

with a downstream master switch gene which regulates sexual differentiation genes. The 

downstream genes are more conserved than the upstream ones, which is explained by the 

cascade evolving from the bottom upwards (Wilkins, 1995). The master switch at the bottom of 

the sex determination cascade is identified as dsx in a range of insect species, including Diptera 

(flies and mosquitoes), Hymenoptera (ants, bees, wasps, and sawflies) and Lepidoptera 

(butterflies and moths) (Shukla & Nagaraju, 2010). Dsx belongs to a family of DM-domain genes 

which appear to play a role in sex determination or sexual differentiation in all Metazoa (Suzuki 

et al., 2001; Hodgkin, 2002; Kopp, 2012). It is a transcription factor that regulates downstream 

sexual differentiation genes (Shukla & Nagaraju, 2010). Dsx is alternatively spliced by tra into 

sex-specific variants, which leads to the production of male- and female-specific DSX proteins. 

Genes upstream of dsx are less conserved in the sex determination cascade. The gene 

directly upstream of dsx is tra which was considered a constant feature in insects, but this idea 

is now challenged (see below). The tra gene is not functionally conserved outside of insects. It is 

for example present in the water flea Daphnia magna, but not involved in the environmental sex 

determination of this crustacean (Kato et al., 2010). Transformer belongs to a class of SR-type 

proteins that have sequences containing high frequencies of arginine (R) and serine (S) residues 

(Figure 2.1a). It contains several conserved domains, one of which is only shared amongst the 

Diptera (‘the dipteran domain’), and another only present in the Hymenoptera (‘the 

hymenopteran domain’). The function of these domains remains unknown. Tra is a very rapidly 
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evolving gene and regulates fruitless splicing as well (Ryner et al., 1996; Gailey et al., 2006), in 

addition to dsx. Sex-specific tra mRNA is produced by alternative splicing, a regulatory 

mechanism that is sustained by an autoregulatory loop. When female tra transcripts are blocked 

by e.g. RNA interference, it results in male development, as shown for several dipterans (Pane et 

al., 2002; Lagos et al., 2007) and the hymenopterans Apis mellifera (Hasselmann et al., 2008a) 

and Nasonia vitripennis (Verhulst et al., 2010a). 

The primary signals on top of the sex determination cascade vary strongly among 

insects. In Drosophila melanogaster, the X chromosome : autosome ratio functions as the 

primary signal. The concentration of X-linked signal elements activates the sexlethal early 

promoter (Erickson & Quintero, 2007) which in turn regulates tra splicing. In other dipterans, 

sexlethal is not an intermediary between the primary signal and tra, but tra is directly regulated 

by the absence or presence of a male-determining M factor (Dübendorfer et al., 2002; Pane et 

al., 2002; Hediger et al., 2010). The M factor has not been identified in any insect yet. In 

haplodiploid Hymenoptera, the primary signal is the ploidy level of the egg (diploid = female, 

haploid = male), but how this signal is transmitted towards tra is still subject of active research 

(Verhulst et al., 2013; van de Zande & Verhulst, 2014). In Lepidoptera, which have female 

heterogamety, a presumably dominant female determiner on the W chromosome regulates a 

splicing inhibitor (PSI) of dsx (Suzuki et al., 2008). The number of investigated insect species is 

still small, and given their enormous variety in genetic systems, it is to be expected that many 

more regulatory mechanisms of sex determination will be discovered in the future. 

    

Phylogenetic distribution of Phylogenetic distribution of Phylogenetic distribution of Phylogenetic distribution of dsxdsxdsxdsx    

The downstream master switch gene dsx was first identified in D. melanogaster (Baker & 

Wolfner, 1988). The protein is characterized by two functional domains: a DNA-binding domain 

(DM or OD1) and a dimerization domain (OD2) (Figure 2.1b). The DM domain is found in 

multiple genes of the DM superfamily group consisting of dsx, mab3 and related transcription 

factors (Dmrt), while the OD2 dimerization domain is exclusively found in dsx. Orthologs of dsx 

were found in each insect species examined thus far (references in Table 2.1), covering a range 

of Diptera, Lepidoptera, Coleoptera, and Hymenoptera. All of these belong to the derived group 

of holometabolous insects, while no information has been published from more basal insects. 

Other DM superfamily genes outside of the insects do not contain a dimerization domain and do 

not exhibit the sex-specific splicing typical of dsx. 

The increasing public availability of genomic and transcriptomic databases gave us the 

opportunity to screen more insect species for the presence of dsx. We used the presence of the 

dimerization domain in combination with an upstream DM domain as evidence for the presence 

and functional conservation of dsx. We found indications for putative orthologs of dsx in a 

number of primitive insect groups (Table 2.1, Supplementary table 2.1). The genome of 

Pediculus humanus corporis (human body louse) contains a hypothetical protein 
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Figure 2.1.Figure 2.1.Figure 2.1.Figure 2.1. The domain structure of tra (a) and dsx (b) in the various holometabolous insect orders. The tra order-

specific domains of Hymenoptera (HYM) and Diptera (DIP) are shown in light grey. The autoregulation domain 

(CAM) is found in all examined species except Drosophila. The arginine- and serine-rich regions (Arg/Ser) and 

proline-rich region (Pro-rich) are present in all orders. The DM-domain ('DM' in figure) and the dimerization 

domain (OD2) ('Dimer' in figure) of dsx are shown in grey. 

 

(XM_002427625.1) which is a candidate for dsx, consisting of both a DM domain and a putative 

dimerization domain. A homolog of the dimerization domain could, however, not be found in 

two Hemipteran genomes, Acyrthosiphon pisum and Rhodnius prolixus, whereas both species do 

contain two DM superfamily genes. The closest relative to the insects examined thus far is the 

water flea D. magna which is claimed to have two dsx genes, neither of which shows the sex-

specific splicing characteristic of insects, but both do contain a putative dimerization domain 

(Kato et al., 2011). It thus appears that the sex-specific splicing feature of dsx was acquired early 

in the evolution of insects. More species from primitive groups such as Palaeoptera, Zygentoma 

and Archaeognatha need to be investigated to assert its precise origin. Further, identification of 

dsx orthologs in genomic assemblies provides no evidence for sex-specific splicing and its 

coincidence with the origin of a conserved dimerization domain. Functional analysis outside the 

holometabolous insects is needed to ascertain its appearance in the sex determination cascade 

and the conservation of this role in various groups. 



| Chapter 2 

 28 

 

Within the Holometabola, dsx appears to be ubiquitously present, with possible 

identifications from this study in genomes of Coleoptera (Dendroctonus ponderosae) and 

Diptera (Mayetiola destructor and Phlebotomus papatasi) (Table 2.1, Supplementary table 2.1). 

We could also find it with both of its conserved functional domains in the order of Strepsiptera 

(Mengenilla moldrzyki). 

 

    

    

Box 2.1. Box 2.1. Box 2.1. Box 2.1. Methodology for identification of dsx and tra (duplication) homologues with tBLASTn 

searches on publicly available genomic databases. 

The strong divergence of sex determination genes makes identification of homologs, particularly 

in thus far unexamined orders, not a straightforward task. Published studies which examined 

newly identified sex determination genes in genomic or transcriptomic databases relied on 

BLAST searches. Profile Hidden Markov Models could potentially be a more powerful method to 

detect distant homologs of these fast evolving genes. 

The conserved domains provide some anchor points for the presence of a sex 

determination gene, though, on its own, this information cannot provide any evidence for an 

actual role in sex determination. Absence of a gene is more difficult to prove: is the gene truly 

lost (or never gained) in the species, or is it overlooked due to strong divergence and possible 

loss of conserved domains? 

To increase sex determination gene detection in unstudied insect orders and other 

relative outgroups, we searched for the presence of dsx and tra in a range of publicly available 

databases. We had no opportunity for any verification tests regarding the structure, expression 

or function of these genes. Moreover, some of the investigated species are distantly related to 

any studied species with an identified tra or dsx homolog, which added further difficulty to the 

scans. 

Identification of dsx and tra homologs was performed in genomic databases of 

Pediculus humanus corporis, Acyrthosiphon pisum, Rhodnius prolixus, Megachile rotundata, 

Danaus plexippus, Heliconius melpomene, Dendroctonus ponderosae, Mengenilla moldrzyki, 

Lutzomyia longipalpis, Mayetiola destructor, Megaselia scalaris, and Phlebotomus papatasi with 

translated BLAST [Altschul et al., 1997]. As queries were used the full Doublesex and 

Transformer protein sequences of Apis mellifera (ABW99105, NP_001128300), Nasonia 

vitripennis (ACJ65507, NP_001128299), Tribolium castaneum (AFQ62106, AFQ62109), Ceratitis 

capitata (AAN63597, AAM88673), Drosophila melanogaster (NP_731197, NP_524114) and 

Daphnia magna (BAJ78307/BAJ78309, BAI66432). In addition, the dimerization domain of dsx 

and the CAM, Hymenoptera and Diptera domains of tra were used, as these conserved regions 

allow more stringent detection where the full sequences may provide false positives. 
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Table 1. Table 1. Table 1. Table 1. Presence of doublesex, transformer, transformer paralogs and the transformer autoregulation domain 

(CAM) in insect species. Species with a genomic database from which transformer was characterized, were not 

assessed for presence of doublesex if the family belonged to a well-studied order (Diptera and Hymenoptera).     
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ReferenceReferenceReferenceReference    

Order PhthirapteraOrder PhthirapteraOrder PhthirapteraOrder Phthiraptera    

Pediculus humanus 

corporis yes 

 

 

This study no 

 

 

no no This study 

    

Order Order Order Order HemipteraHemipteraHemipteraHemiptera    

Acyrthosiphon pisum DM only 

 

This study no 

 

no no This study 

Rhodnius prolixus DM only This study no no no This study 

    

Order HymenopteraOrder HymenopteraOrder HymenopteraOrder Hymenoptera    

Acromyrmex 

echinatior 

 

 yes 

 

 

yes no 

(Nygaard et al., 2011; 

Schmieder et al., 2012; 

Privman et al., 2013) 

Apis cerana   yes yes yes (Hasselmann et al., 2008b) 

Apis dorsata   yes yes yes (Hasselmann et al., 2008b) 

Apis florea 

 

 yes yes yes (Schmieder et al., 2012) 

Apis mellifera yes 

(Cho et al., 

2007) yes yes yes 

(Beye et al., 2003; 

Hasselmann et al., 2008a) 

Atta cephalotes 

 

 yes 

 

yes yes 

(Schmieder et al., 2012; 

Privman et al., 2013) 

Bombus impatiens yes 

Genbank 

prediction yes yes yes (Schmieder et al., 2012) 

Bombus terrestris yes 

Genbank 

prediction yes yes yes 

(Hasselmann et al., 2010; 

Schmieder et al., 2012) 

Camponotus 

floridanus 

 

 yes 

 

yes yes 

(Schmieder et al., 2012; 

Privman et al., 2013) 

Euglossa hemichlora   yes yes  (Hasselmann et al., 2010) 

Harpegnathos 

saltator 

 

 yes 

 

yes yes 

(Schmieder et al., 2012; 

Privman et al., 2013) 

Linepithema humile 

 

 yes 

 

yes yes 

(Schmieder et al., 2012; 

Privman et al., 2013) 

Megachile 

rotundata yes This study yes yes no This study 

Melipona 

compressipes   yes 

 

yes  (Hasselmann et al., 2008a) 

Nasonia giraulti yes (Oliveira et al.,     
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2009) 

Nasonia longicornis yes 

(Oliveira et al., 

2009)     

Nasonia vitripennis yes 

(Oliveira et al., 

2009) yes 

 

yes no 

(Hasselmann et al., 2008a; 

Werren et al., 2010) 

Pogonomyrmex 

barbatus 

 

 yes 

 

yes yes 

(Schmieder et al., 2012; 

Privman et al., 2013) 

Solenopsis invicta yes  yes yes yes (Wurm et al., 2011) 

    

Order LepidopteraOrder LepidopteraOrder LepidopteraOrder Lepidoptera    

Antheraea assama yes 

(Shukla & 

Nagaraju, 2010)     

Antheraea mylitta yes 

(Shukla & 

Nagaraju, 2010)     

Bombyx mori yes 

(Ohbayashi et 

al., 2001; Suzuki 

et al., 2001) no 

 

 

no  (Mita et al., 2004) 

Danaus plexippus yes This study no no no This study 

Heliconius 

melpomene yes This study no no 

 

This study 

Ostrinia scapulalis yes 

(Sugimoto et al., 

2010)     

    

Order ColeopteraOrder ColeopteraOrder ColeopteraOrder Coleoptera    

Dendroctonus 

ponderosae 

 

yes 

 

 

This study 

 

no 

 

 

no 

 

no 

 

This study 

Onthophagus 

sagittarius yes 

(Kijimoto et al., 

2012)     

Onthophagus taurus yes 

(Kijimoto et al., 

2012)     

Tribolium 

castaneum yes 

(Shukla & Palli, 

2012b) yes yes 

 

(Shukla & Palli, 2012a) 

    

Order StrepsipteraOrder StrepsipteraOrder StrepsipteraOrder Strepsiptera    

Mengenilla 

moldrzyki yes 

 

This study no 

 

no no This study 

Order DipteraOrder DipteraOrder DipteraOrder Diptera    

Aedes aegypti yes 

 

(Salvemini et al., 

2011) no  

 

(Salvemini et al., 2013) 

Anopheles gambiae yes 

(Scali et al., 

2005) no  

 

(Gailey et al., 2006) 

Anastrepha 

(12 species) yes 

(Ruiz et al., 

2005, 2007a) yes 

 

yes  (Ruiz et al., 2007b) 

Bactrocera correcta yes 

(Permpoon et 

al., 2011)     
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Bactrocera dorsalis yes 

(Chen et al., 

2008; 

Permpoon et 

al., 2011)     

Bactrocera oleae yes 

(Lagos et al., 

2005) yes yes  (Lagos et al., 2007) 

Bactrocera tryoni yes 

(Shearman & 

Frommer, 1998)     

Ceratitis capitata yes 

(Saccone et al., 

1996) yes yes  (Pane et al., 2002) 

Cochliomyia 

hominivorax 

 

 yes 

 

yes 

 

(Li et al., 2013) 

Cochliomyia 

macellaria 

 

 yes yes 

 

(Li et al., 2013) 

Culex 

quinquefasciatus yes This study no no 

 

This study 

Drosophila 

americana   yes 

 

no  

(McAllister & McVean, 

2000) 

Drosophila erecta   yes no  (O’Neil & Belote, 1992) 

Drosophila hydei   yes no  (O’Neil & Belote, 1992) 

Drosophila 

mauritiana   yes no  (Kulathinal et al., 2003) 

Drosophila 

melanogaster yes 

(Burtis & Baker, 

1989) yes no 

 

(Boggs et al., 1987) 

Drosophila sechellia   yes no  (Kulathinal et al., 2003) 

Drosophila simulans   yes no  (O’Neil & Belote, 1992) 

Drosophila virilis yes 

(Hertel et al., 

1996) yes no  (O’Neil & Belote, 1992) 

Glossina morsitans   yes yes  (Hediger et al., 2010) 

Lucilia cuprina yes 

(Concha et al., 

2010) yes yes 

 

(Concha & Scott, 2009) 

Lucilia sericata   yes yes  (Li et al., 2013) 

Lutzomyia 

longipalpis yes This study no no  This study 

Mayetiola destructor yes This study no no no This study 

Megaselia scalaris yes 

(Sievert et al., 

1997; Kuhn et 

al., 2000) no? 

 

no? no This study 

Musca domestica yes 

(Hediger et al., 

2004) yes yes  (Hediger et al., 2010) 

Phlebotomus 

papatasi yes This study yes no no This study 
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Phylogenetic distribution of Phylogenetic distribution of Phylogenetic distribution of Phylogenetic distribution of tratratratra    

Tra, the upstream splicing controller of dsx, shows a distinctly more patchy distribution among 

insects (Figure 2.2). It is also more diverged in sequence than dsx, which complicates its 

identification in genome sequences. The most conserved part of tra is the autoregulation 

domain CAM (from Ceratitis capitata-Apis mellifera-Musca domestica; nomenclature based on 

Hediger et al., (2010). This domain is present in all tra genes, except in that of D. melanogaster. 

In Drosophila, sex-lethal has been added upstream of tra, and it has taken over autoregulation, 

making the CAM domain of tra obsolete (Bopp, 2010). Other features of tra include order-

specific domains of unknown function. One of these is shared among all Hymenoptera, the 

other is present in all Diptera (Figure 2.1a). In addition, two regions are present in all tras: an 

arginine/serine-rich region and a proline-rich region. The location of these regions towards the 

C-terminal is conserved across all tra-containing insect species studied to date, while the 

location of the CAM domain and the order-specific domains varies. In Hymenoptera, the order-

specific domain is located upstream of the CAM domain, whereas in Diptera, its order-specific 

domain is close to the arginine/serine region. In non-drosophilid Diptera, the CAM domain is 

positioned towards the N-terminal of the gene, a feature that it shares with the short tra gene in 

the beetle Tribolium castaneum. 

Hymenoptera are the most basal order of the holometabolous insects (Figure 2.2). Tra 

has been identified in more than a dozen hymenopteran species, all belonging to the more 

derived lineages within the order. On the other hand, in Lepidoptera no tra homologs have been 

found thus far. Most information is available for the well-studied species Bombyx mori (Suzuki, 

2010), but genomic data of Danaus plexippus and Heliconius melpomene appear to lack a tra 

homolog as well (Box 2.1, Table 2.1). With only one published Strepsiptera genome, that of 

Mengenilla moldrzyki (Niehuis et al., 2012), information about this group is scarce, but this 

species appears to lack a tra homolog. This is remarkable because as a sister-order of the 

Coleoptera, it was presumed to carry tra, based on its presence in T. castaneum (Shukla & Palli, 

2012a). However, in the genome of the coleopteran D. ponderosae, which was published 

recently (Keeling et al., 2013), we could also not find a homolog of tra. This leaves the question 

of whether tra is conserved in Coleoptera open until more species are examined. 

An interesting pattern of tra distribution emerges in the Diptera, where recent studies have 

suggested it to be absent in mosquitoes, which form a basal dipteran lineage(Salvemini et al., 

2013). Tra is found in all more derived Brachycera species (references in Table 2.1) including D. 

melanogaster, where it has lost its CAM domain (Figure 2.3). In addition to its apparent absence 

in several mosquito species, we could not find tra in M. destructor (Box 2.1, Table 2.1), which 

belongs to the basal lineage of the Bibionomorpha, in Lutzomyia longipalpis (Psychodomorpha) 

and peculiarly in Megaselia scalaris (a derived brachyceran species). On the other hand, the 

recently published genomic assembly of P. papatasi, a member of the basal Psychodomorpha, 

contains a putative tra homolog, but misses the CAM domain. A cautionary note is needed here,     
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Figure 2.2.Figure 2.2.Figure 2.2.Figure 2.2. Phylogeny of insects showing the presence of tra across orders. Orders are noted on the right and 

superorders are marked in capital letters. Proposed gain of transformer into the sex determination cascade is 

indicated by the grey box, with inserted white boxes indicating secondary losses. Question marks refer to 

uncertainties as data are based only on this study and require validation. The order of Diptera is in a light grey box 

to mark the variable presence of tra in this order, which is characterized by an absence in basal lineages and a 

presence in derived lineages, with the exception of Drosophila. The addition of the Hymenoptera and Diptera 

domains in tra are marked by boxes labeled HYM and DIP. The phylogeny is based on (Trautwein et al., 2012). 
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as this absence of its most reliable recognition feature complicates its identification (see Box    

2.1). The putative P. papatasi homolog does contain a Diptera domain and structurally 

resembles the CAM domain lacking D. melanogaster tra. Outside of the Hymenoptera, no 

paralogs of tra have been identified, thus indicating that this putative homolog in P. papatasi 

has a likely orthologous origin. Interestingly, the CAM domains of the more derived Diptera 

show strong similarity with the more than a dozen known sequences of the Hymenoptera and 

the coleopteran Tribolium. The D. magna tra also contains a highly conserved CAM domain, but 

it is located downstream of the arginine/serine-rich region and is not involved in sex 

determination (Kato et al., 2010). This suggests that other selective pressures have acted to 

preserve its presence; an explanation for this could be that the domain serves additional 

functions in development. 

 
    

Figure 2.3.Figure 2.3.Figure 2.3.Figure 2.3. Phylogeny of dipteran insects showing the distribution and structure of tra. The figure is based on 

phylogenetic trees by (Bertone et al., 2008; Wiegmann et al., 2011; Lambkin et al., 2013). There is no consensus 

about the resolution of the basal lineages. 

 

The presence of tra in Daphnia indicates that it arose before the branching of 

Crustacea and Hexapoda. Under the assumption of a unique tra recruitment into the sex 

determination cascade at the basis of the holometabolous insects, secondary loss of tra must 
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have occurred on at least two occasions based on current studies: in the Lepidoptera (Mita et 

al., 2004) and the basal Diptera (Salvemini et al., 2013). We found evidence for two additional 

possible losses, i.e. in a strepsipteran and a coleopteran species. Secondary loss of the CAM 

domain was only known from D. melanogaster, but our study suggests a second dipteran case, 

i.e. the sand fly P. papatasi. The absence of tra in groups other than holometabolous insects and 

crustaceans suggests that the gene can disappear again. This is at odds with the presumed 

conserved role in sex determination, but may reflect that tra was only introduced in the sex 

determination cascade at the rise of the holometabolous insects. 

The current knowledge on the distribution and structural features of tra is based on a 

small collection of insect species. Studies have only been performed on 4 orders (Coleoptera, 

Diptera, Hymenoptera, and Lepidoptera) out of the 12 that make up the holometabolous 

insects. This review includes a first indication of a lack of tra in a fifth order (the Strepsiptera), 

but no attention has been given to the remaining 7 orders, due in part to lack of 

genomic/transcriptomic data. Non-holometabolous insects comprise another 17 orders, 

amongst which no species have been studied regarding their sex determination (genes). 

 

Duplications of Duplications of Duplications of Duplications of tratratratra    

For a long time, D. melanogaster was the only species known to have an additional regulator 

upstream of tra in the sex determination cascade, i.e. sex-lethal. A few years ago Beye et al. 

(2003) and Hasselmann et al. (2008a) found that the honey bee (A. mellifera) had another gene 

inserted at the top of its cascade. This turned out to be a duplication of tra (= feminizer in A. 

mellifera). The duplication initiates the female-specific splicing of feminizer transcripts. The 

zygosity of this complementary sex determiner (csd) locus determines the switching on of the 

autoregulation loop of tra/feminizer (Beye et al., 2003; Hasselmann et al., 2008a). Feminizer 

genes coupled with paralogous csd genes were also found in two sister species, Apis cerana and 

Apis dorsata (Hasselmann et al., 2008b). The three species showed signs of convergent 

evolution based on sharing of the same nonsynonymous substitutions in different alleles across 

species. The Apis genus belongs to the Aculeata, consisting of bees, vespoid wasps and ants, 

which is considered a derived lineage within the Hymenoptera. Two recent reports (Schmieder 

et al., 2012; Privman et al., 2013) found a similar duplication of tra in two bumblebees and 6 out 

of 7 sequenced ant species (listed in Table 2.1), all belonging to the Aculeata. The presence of 

tra paralogs in these aculeate species is explained by a single duplication event after which the 

genes evolved through concerted evolution (Schmieder et al., 2012; Privman et al., 2013). This 

places the duplication of tra/feminizer leading to the csd gene before the appearance of the 

Aculeata lineages, around 120 million years ago (Schmieder et al., 2012). In three examined 

cases, the tra/feminizer genes show sex-specific splicing, while the duplicated tra genes are 

expressed but without a sex-specific splicing pattern (Schmieder et al., 2012). No functional 

analysis has been performed on these paralogs of tra, thus leaving open the question whether 

they function similar to the csd gene and are part of the sex determination cascade. 
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Duplications of tra have thus far only been identified in Hymenoptera, being 

haplodiploid, and exclusively in species presumed to have a complementary sex-determining 

mechanism (CSD). Under CSD, individuals homozygous at the csd locus develop into males, while 

heterozygosity at the csd locus starts female development (Whiting, 1943; Beye et al., 2003). To 

counteract the costs of inbreeding, where decreasing variation would result in diploid 

homozygous males, the csd gene shows high allelic variation (Hasselmann et al., 2008b). This 

effect of inbreeding, which results in diploid males, often sterile or inviable, allows simple 

testing for presence of CSD, at least in species that can be cultured in the laboratory. CSD has 

been inferred in over 60 species (van Wilgenburg et al., 2006) and is presumed to be ancestral 

to the Hymenoptera (Cook, 1993; Heimpel & de Boer, 2008; Asplen et al., 2009). Most studies 

indicated CSD based on a single locus (sl-CSD), but studies in the Cotesia genus have found 

evidence for multiple loci (multi-locus, or ml-CSD) (de Boer et al., 2008, 2012). 

Based on the widespread occurrence of both tra paralogs and CSD within the Aculeata, 

it is tempting to propose that the CSD locus consists of the tra paralog in this group, as 

documented for the honey bee (Beye et al., 2003; Hasselmann et al., 2008a). The paralog would 

then need to contain a hypervariable region as in the A. mellifera csd gene, or at least a high 

variety of alleles. However, within the Aculeata, 2 of the thus far examined species appear to 

lack a duplication of tra: the leaf-cutting ant Acromyrmex echinatior (Nygaard et al., 2011; 

Schmieder et al., 2012; Privman et al., 2013), which is known to produce high levels of diploid 

males, and the solitary bee Megachile rotundata (Table 2.1). No duplications have yet been 

found outside the Aculeata, but the availability of databases in Hymenoptera is strongly skewed 

towards eusocial derived species. Unfortunately, of the many other species that have CSD (van 

Wilgenburg et al., 2006), no genomic or transcriptomic information is available. Data on lineages 

of sawflies, which are basal to the Hymenoptera that are in turn one of the basal orders of the 

holometabolous insects, is crucial for determining whether tra is involved in the presumed CSD 

ancestry. In the chalcidoid N. vitripennis, csd is absent, and there are no duplications of tra. Its 

sex determination is based on a maternal effect genomic imprinting model (Verhulst et al., 

2010a, 2013; van de Zande & Verhulst, 2014). N. vitripennis is the first species outside the 

Aculeata that has no CSD and for which genomic data is available. More studies on both non-

CSD and non-Aculeata species are needed to assess the commonality of the csd/tra mechanism 

and the abundance of maternal imprinting sex determination among Hymenoptera. 

    

CONCLUSIONS AND OUTLCONCLUSIONS AND OUTLCONCLUSIONS AND OUTLCONCLUSIONS AND OUTLOOKOOKOOKOOK    

In this article, we considered the phylogenetic distribution and evolutionary dynamics among 

the insects of two important sex determination genes, dsx and tra. Although members of only a 

limited number of orders have been investigated, it is safe to conclude that dsx serves as the 

master switch at the bottom of the sex determination cascade in all insects. The gene and its 

characteristic domains, as well as its sex-specific splicing feature, are found across 

holometabolous insects. Branches outside of the Holometabola, i.e. P. humanus corporis in the 
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Phthiraptera, contain homologous genes which show less conservation in the insect-specific 

dimerization domain. This latter feature cannot be identified when moving further into the basal 

lineages. 

Tra, the upstream regulator of dsx, has a less ubiquitous distribution. It is found 

outside holometabolous insects, but there it apparently has no function in sex determination, 

e.g. in D. magna (Kato et al., 2010). It is apparently (partly) absent in 4 insect orders, notably the 

Lepidoptera, basal Diptera, Strepsiptera, and Coleoptera. Tra could have been recruited multiple 

times into the sex determination cascade, but its domain structure (CAM domain followed by an 

arginine/serine domain and a proline-rich domain) is conserved across all groups. An origin of a 

sex determination function at the basis of the holometabolous insects appears most 

parsimonious, but requires multiple independent losses. If tra, however, originated before the 

branching-off of the crustaceans, it must have been lost in more groups outside of insects as 

well. 

Many additional questions remain to be answered about tra before we can make 

further inferences about its evolution in insects. First of all, a broader taxonomic screen is 

needed to determine how widespread tra is present among insects. Particularly informative 

groups are the Paraneoptera (lice, thrips and bugs), a sister group of the Holometabola, and 

some of the other basal taxa, such as the Odonata (damselfies and dragonflies) and 

Ephemeroptera (mayflies). These could provide answers to the precise timing of tra recruitment 

into the insect sex determination pathway. No information is available outside of the 

Holometabola, e.g. the Polyneoptera that span more than 10 orders of insects. 

The evolutionary significance of tra duplication in the Hymenoptera remains an 

enigma. Study of the basal lineages, such as the solitary Symphyta (sawflies), will be informative, 

for example to determine whether a link exists between tra duplications and CSD. Only in the 

honey bee, the duplicated copy has been shown to have a functional role in sex determination. 

No functional studies have been performed on any other species with a tra paralog. We also 

need more information about possible additional roles of tra in development, as this may be 

revealing about the function of order-specific domains and may also yield insights into why 

some regions, such as the CAM domain, are conserved over a broad range of arthropod taxa. 

Our analysis found further support for Wilkins (1995) hypothesis that the genetic pathway of sex 

determination started with the most downstream signal and evolved by adding genes upstream. 

We also adhere to the argument of Verhulst et al. (2010b) that tra plays a central role in the 

evolving cascade in some insect groups. However, its absence in some groups also shows that 

tra can be circumvented and alternative regulators of dsx can evolve. The frequent gains and 

losses of genes and gene domains are another signifying feature of the insect sex determination 

cascade. 

Next generation sequencing is exponentially increasing the amount of data across an 

increasing number of arthropod groups. Large sequencing projects on hundreds of arthropod 

species, in particular insects, are currently underway. The i5K project 
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(http://arthropodgenomes.org/wiki/i5K) for example plans to sequence 5,000 insect and other 

arthropod genomes in the next couple of years. The 1KITE project (http://www.1kite.org/) 

focuses exclusively on insects and will yield 1,000 insect transcriptomes spanning all orders. 

These efforts, combined with the increasing amount of separately published genomic and 

transcriptomic datasets, provide a great wealth of information for gene identification studies. 

Transcriptomic datasets can offer immediate tests whether the putative sex determination 

genes are expressed in the sequenced tissue, and may even provide a first glimpse at sex-

specific splice variants. Genomic databases have the advantage of structure detection and, if the 

scaffolds are large enough, synteny of the sex determination regions. In combination, they make 

the future for insect sex determination researchers a bright one. 
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Supplementary materialSupplementary materialSupplementary materialSupplementary material    

 

Table STable STable STable S2.2.2.2.1111. Accession numbers of BLAST hits with doublesex and transformer queries. 

SpeciesSpeciesSpeciesSpecies    OrderOrderOrderOrder    GeneGeneGeneGene    Accession number Accession number Accession number Accession number 

genbankgenbankgenbankgenbank    

NotesNotesNotesNotes    

Bombus impatiens Hymenoptera doublesex XP_03489222.1  

Bombus terrestris Hymenoptera doublesex XP_03395766.1  

Culex 

quinquefasciatus 

Diptera doublesex AAWU01005525.1 Incomplete version in 

described XM_001845636 

Danaus plexippus Lepidoptera doublesex AGBW01001428.1, 

AGBW01001429.1 

Containing DM domain, 

Containing dimerization 

domain 

Dendroctonus 

ponderosae 

Coleoptera doublesex APGL01009010.1, 

APGL01010051.1 

Containing DM domain, 

Containing dimerization 

domain 

Heliconius 

melpomene 

Lepidoptera doublesex CAEZ01006989.1, 

CAEZ01007208.1 

Containing DM domain, 

Containing dimerization 

domain 

Lutzomyia 

longipalpis 

Diptera doublesex AJWK01005716.1, 

AJWK01018317.1 

Containing DM domain, 

Containing dimerization 

domain 

Mayetiola 

destructor 

Diptera doublesex AEGA01000224.1, 

AEGA01000226.1 

Containing DM domain, 

Containing dimerization 

domain 

Megachile 

rotundata 

Hymenoptera doublesex AFJA01000906.1, 

AFJA01000904.1 

Containing DM domain, 

Containing dimerization 

domain 

Megachile 

rotundata 

Hymenoptera transformer AFJA01006743.1  

Mengenilla 

moldrzyki 

Strepsiptera doublesex AGDA01031223.1, 

AGDA01005517.1 

Containing DM domain, 

Containing dimerization 

domain 

Pediculus humanus 

corporis 

Phthiraptera doublesex AAZO01003900.1  

Phlebotomus 

papatasi 

Diptera doublesex AJVK01001515.1, 

AJVK01001539.1 

Containing DM domain, 

Containing dimerization 

domain 

Phlebotomus 

papatasi 

Diptera transformer AJVK01026933.1  
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ABSTRACTABSTRACTABSTRACTABSTRACT    

Two molecular mechanisms of haplodiploid sex determination are currently known, 

Complementary Sex Determination (CSD) in Apis mellifera and Maternal Effect Genomic 

Imprinting Sex Determination (MEGISD) in the parasitoid Nasonia vitripennis. A primary signal 

starts the genetic cascade of sex determination which subsequently in most insect orders is 

transduced by a transformer (tra) ortholog. Only a female-specifically spliced tra mRNA yields a 

functional TRA-protein, that forms a complex with TRA2, encoded by transformer-2 (tra2), to act 

as a sex specific splicing regulator of the downstream genes doublesex (dsx) and fruitless (fru). 

Here, we identify the tra2 ortholog in N. vitripennis (Nv-tra2) and describe its function in 

Nasonia sex determination. Knock down of Nv-tra2 by parental RNA interference results 

incomplete sex reversal of diploid offspring from female to male, indicating the requirement of 

Nv-tra2 for female sex determination. As knockdown also led to lethality in early developmental 

stages Nv-tra2 apparently served another, non sex determining, function during embryogenesis. 

Lethality of diploid Nv-tra pRNAi embryos is observed and lethality after Nv-tra2 pRNAi appears 

more pronounced in diploid than in haploid offspring, indicating dosage effects. In contrast to 

haploid offspring, diploid embryos possess a paternal chromosome set, suggesting a disruption 

of development in diploids due to active paternal allele copies of unspecified genes. These 

results are discussed in the light of the MEGISD model of Nasonia sex determination. 

 

        



Maternal provision of tra2 is required for female development and embryo viability in N. vitripennis | 

 43 

 

INTRODUINTRODUINTRODUINTRODUCTIONCTIONCTIONCTION    

Insect sex determination is accomplished by a multistep process, involving a cascade of 

regulatory genes that is evolving bottom-up with doublesex (dsx), the interpreter for the sexual 

identity of the cell, as the most conserved downstream gene (Wilkins, 1995; Shukla & Nagaraju, 

2010; Verhulst & van de Zande, 2015). The primary signal, that directs the cascade into the 

female or male developmental pathway, is highly diverse (Sánchez, 2008). In the hourglass 

model (Bopp et al., 2014), the primary signal is considered as the instruction, and the action of 

dsx as the execution phase. In between is transformer which processes the primary signal 

towards an “on or off” state through sex-specific splicing. Only if the zygotic state of tra is ON, it 

will produce a functional TRA protein that will lead to female specific splicing of dsx. In addition, 

an autoregulatory loop in which tra maintains its own splicing mode functions as a “memory” to 

ensure proper sexual differentiation (Bopp et al., 2014). The tra-dsx axis appears to be the 

conserved transduction mechanism in insect sex determination, yet tra orthologs are absent in 

several lineages (Shukla & Nagaraju, 2010; Bopp et al., 2014; Geuverink & Beukeboom, 2014). 

This absence suggests that the conserved transduction mechanism of the pathway can change 

its executing elements. 

 In dipteran insects, two primary signals are known to instruct the zygotic state of tra: a 

masculinizing gene (M-factor) prevents the ON state (as for example in Ceratitis capitata, Musca 

domestica) or an insufficient dose of X-linked factors fails to timely activate the transcription of 

sex-lethal (sxl) to effectuate the ON state of tra (e.g. Drosophila melanogaster) (Dübendorfer et 

al., 2002; Pane et al., 2002; Erickson & Quintero, 2007). For Hymenoptera, that have a 

haplodiploid reproductive system, two primary signals have been described: complementation 

of alleles at the csd locus, in which heterozygosity at one or more csd loci leads to female 

development (Cook, 1993; van Wilgenburg et al., 2006) and a genomic imprinting gene, called 

womanizer under Maternal Effect Genomic Imprinting Sex Determination (MEGISD) 

(Beukeboom et al., 2007b; Beukeboom & van de Zande, 2010). The genetic basis of CSD has thus 

far only been elucidated in the honeybee (Apis mellifera), where the csd locus was identified as 

a duplication of feminizer (fem), the honeybee ortholog of tra (Beye et al., 2003; Hasselmann et 

al., 2008a). MEGISD has been proposed for the non-CSD parasitoid Nasonia vitripennis (Verhulst 

et al., 2010a, 2013) and entails maternal imprinting of the putative womanizer (wom) gene to 

prevent activation of Nv-tra transcription in haploid zygotes. Upon fertilization, the non-silenced 

paternal wom allele will initiate early zygotic transcription of Nv-tra. Additionally, like in many 

insect species (e.g. C. capitata, M. domestica and Tribolium castaneum) (Pane et al., 2002; 

Hediger et al., 2010; Shukla & Palli, 2012a), the Nasonia female sex-determining mechanism is 

dependent on maternal provision of tra mRNA to the egg to help initiate the zygotic ON state of 

tra (Verhulst et al., 2010a). 

Transformer-2 (TRA2) is an essential co-factor in the sex determination of many, if not 

all, insect species (Amrein et al., 1990; Hedley & Maniatis, 1991; Inoue et al., 1992; Salvemini et 

al., 2009; Hediger et al., 2010; Schetelig et al., 2012). Knockdown studies of tra2 in Diptera 
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revealed the involvement of TRA2 in the female-specific splicing of tra mRNAs (Burghardt et al., 

2005; Concha & Scott, 2009; Salvemini et al., 2009; Sarno et al., 2010; Martín et al., 2011). In 

some insects species, such as Sciara ocellaris, Bradysia coprophila, Bombyx mori, A. mellifera and 

T. castaneum (Niu et al., 2005; Martín et al., 2011; Nissen et al., 2012; Shukla & Palli, 2013) TRA2 

has alternative isoforms which all code for a basic RNA-binding domain (RBD), but none of these 

identified isoforms are sex-specific at any life stage. In M. domestica, C. capitata, Lucilia cuprina, 

Anastrepha obliqua, Anastrepha suspensa and Bactrocera dorsalis only one tra2 splice variant 

was detected (Burghardt et al., 2005; Concha & Scott, 2009; Salvemini et al., 2009; Sarno et al., 

2010; Schetelig et al., 2012; Liu et al., 2015). Overall, tra2 is more conserved than tra, as even in 

species without a tra ortholog, like the lepidopteran B. mori, a tra2 homolog was identified (Niu 

et al., 2005; Kiuchi et al., 2014). 

The roles of tra and dsx in the Nasonia MEGISD model have been identified, but that of 

tra2 is still lacking. Therefore, we investigated the function of tra2 in Nasonia sex determination. 

We identified the structure and splicing of Nv-tra2 and compared it to other known tra2 

orthologs. Using parental RNAi (pRNAi) knockdown we confirm that Nv-tra2 is indeed involved in 

Nasonia sex determination. In addition, it became apparent that Nv-tra2 must have other roles 

during development. 

 

MATERIAL AND METHODSMATERIAL AND METHODSMATERIAL AND METHODSMATERIAL AND METHODS    

N. vitripennis strains and rearing 

The N. vitripennis lab strain AsymCX (Werren et al., 2010) and the recessive red eye color 

mutant strain ST
DR

 were used throughout the experiments. ST
DR

 females mated with AsymCX 

males produce diploid female offspring with wild-type eyes and red-eyed haploid male offspring 

(Verhulst et al., 2010a). This allows the detection of wild type diploid males resulting from 

knockdown of either Nv-tra2 or Nv-tra. Wasps were reared on Calliphora sp. hosts and cultured 

at 25°C at a L16:D8 cycle. 

 

RNA extraction and cDNA synthesis  

Total RNA of individual wasps and embryo pools was extracted with TriZol (Invitrogen, Carlsbad, 

CA, USA) according to manufacturer’s protocol. RNA was reverse-transcribed with oligo-dT and 

hexamer primers in a 1:6 ratio with the RevertAidTM H Minus First Strand cDNA Synthesis Kit 

(Fermentas, Hanover, MD, USA) and stored at -80°C. RNA samples for gene identification were 

individual male and female samples of the AsymCX strain. For 3’RACE (Rapid Amplification of 

cDNA Ends), RNA was reverse-transcribed with the RevertAidTM H Minus First Strand cDNA 

Synthesis Kit (Fermentas, Hanover, MD, USA) using 25µM 3’RACE adapter (5'-GCG AGC ACA GAA 

TTA ATA CGA CTC ACT ATA GGT 12VN-3') from FirstChoice RLM-RACE kit (Ambion, Austin, TX, 

USA). For 5’RACE, RNA was processed according to manufacturer’s instructions (FirstChoice 
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RLM-RACE kit, Ambion, Austin, TX, USA) and reverse-transcribed using the RevertAidTM H Minus 

First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA). 

 

Identification of Nv-tra2 genomic structure 

Primers were designed based on the putative Nv-tra2 transcript (LOC100116671) from the N. 

vitripennis genome (Werren et al., 2010) (Table 3.1). 5’RACE-PCR was performed with outer 

primer Nvtra2_5Rout and inner primer Nvtra2_5Rin at 94°C for 3 minutes, 35 cycles of 94°C for 

30 seconds, 58°C for 30 seconds and 72°C for 2 minutes, with a final extension of 10 minutes at 

72°C. Outer primer Nvtra2_3Rout and inner primer Nvtra2_3Rin were used in 3’RACE-PCR with 

Phusion High-Fidelity DNA polymerase (Fermentas, Hanover, MD, USA). Cycling conditions were 

98°C for 1 minute, 35 cycles of 98°C for 10 seconds, 57(out)/55(in)°C for 30 seconds and 72°C 

for 60 seconds, with a final extension of 10 minutes at 72°C. Resulting PCR fragments were run 

and visualized on ethidiumbromide-containing 1.5% agarose gel with 1×TAE buffer. 

All RACE-PCR products were ligated into pGEM-T vector (Promega, Madison, WI, USA) 

after purification using GeneJET Gel Purification Kit (Fermentas, Hanover, MD, USA). Ligation 

reactions were used to transform competent JM-109 Escherichia coli (Promega, Madison, WI, 

USA). Colony-PCR was conducted by use of pGEM-T primers (5’-GTAAAACGACGGCCAGT-3’) and 

5’-GGAAACAGCTATGACCATG-3’) at 94°C for 3 minutes, 40 cycles of 94°C for 30 seconds, 55°C 

for 30 seconds and 72°C for 2 minutes, with a final extension of 7 minutes at 72°C. 

Additional Reverse Transcription-PCRs (RT-PCR) were used to confirm splice variation. 

These PCRs were performed with primers Nvtra2_exon1F/Nvtra2_exon4R and 

Nvtra2_exon2F/Nvtra2_exon6R at 94°C for 3 minutes, 40 cycles of 94°C for 30 seconds, 55°C for 

30 seconds and 72°C for 2 minutes, with a final extension of 7 minutes at 72°C. PCR-fragments 

were sequenced on an ABI 3730XL capillary sequencer (Applied Biosystems) and reads were 

inspected in Chromas (Technelysium) and aligned in MEGA4 (Tamura et al., 2007). Exon-intron 

structure of the genes was constructed by comparing the mRNA sequences to N. vitripennis 

genome and visualized with Exon-Intron Graphic Maker (http://wormweb.org/exonintron). 

 

Phylogeny and alignment construction 

Amino acid sequences of TRA2 orthologs in the following species (Genbank accession) were 

used in alignments and phylogenetic analyses: Acromyrmex echinatior (EGI70155), A. mellifera 

(AFJ15561), B. mori (NP_001119705), C. capitata (ACC68674), Ceratosolen solmsi 

(XP_011500657), Daphnia pulex (EFX90042), D. melanogaster (NP_476764), M. domestica 

(AAW34233) and T. castaneum (AHF71088). A neighbour-joining tree was constructed in 

MEGA4 (Tamura et al., 2007) and alignments were produced in Geneious8 (Biomatters Ltd). 
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Table Table Table Table 3.3.3.3.1. 1. 1. 1. Overview of all primers used in this study. Noted between square brackets is the binding site sequence 

for T7 RNA polymerase. 

 

PrimernamePrimernamePrimernamePrimername    GeneGeneGeneGene    ApplicationApplicationApplicationApplication    Primer sequence 5’Primer sequence 5’Primer sequence 5’Primer sequence 5’----3’3’3’3’    DesignDesignDesignDesign    

EF1α_F1 EF1α qRT-PCR CACTTGATCTACAAATGCGG (Verhulst et al., 2010a) 

EF1α_R1 EF1α qRT-PCR GAAGTCTCGAATTTCCACAG (Verhulst et al., 2010a) 

NvDsxU_F3 dsx RT-PCR AGCCACTGCCGAGTATACCA (Verhulst et al., 2010a) 

NvDsxM_R1 dsx RT-PCR TCGGAGAAGATTGGCAGAAC (Verhulst et al., 2010a) 

NvDsx_qPCR_F1 dsx qRT-PCR GGTGACATGCGTAGTTTGAG (Verhulst et al., 2010a) 

NvDsx_qPCR_R1 dsx qRT-PCR CAAGTCGTGGATTTGGTTCG (Verhulst et al., 2010a) 

NvTra_F2 tra RT-PCR GACCAAAAGAGGCACCAAAA (Verhulst et al., 2010a) 

NvTra_R3 tra RT-PCR GGCGCTCTTCCACTTCAAT (Verhulst et al., 2010a) 

NvTra_qPCR_F1 tra qRT-PCR CGCCGTTCTAAGTCATTGAG (Verhulst et al., 2010a) 

NvTra_qPCR_R1 tra qRT-PCR ATCGGAATAATGCCTATCGT (Verhulst et al., 2010a) 

NvTra_RNAi_F1 tra RNAi [TAATACGACTCACTATAGGG]CGAG

ACATCAGTTAGAAGAT 

(Verhulst et al., 2010a) 

NvTra_RNAi_R1 tra RNAi [TAATACGACTCACTATAGGG]GTCTT

GTGGTCCTATGAAAC 

(Verhulst et al., 2010a) 

Nvtra2_5Rout tra2 RACE-PCR GCCCGTTCTGTGATAGAATAATCC This study 

Nvtra2_5Rin tra2 RACE-PCR GTCCATCAATTGCCATTCCA This study 

Nvtra2_3Rout tra2 RACE-PCR GTGTACTTTGAATCACTGGA This study 

Nvtra2_3Rin tra2 RACE-PCR ATTGATGGACGACGAATCAG This study 

Nvtra2_exon1F tra2 RT-PCR CGCTTTGATTATTATGGACGAC This study 

Nvtra2_exon4R tra2 RT-PCR GACGGTAGTTTCCTCTGCTG This study 

Nvtra2_exon2F tra2 RT-PCR CAAGAAGATCAAGAGCCGAC This study 

Nvtra2_exon6R tra2 RT-PCR CTGAGGTTTGGAATGGTGGA This study 

Nvtra2_qF tra2 qRT-PCR ACAGAGATAATCCTACTCCAAGCC This study 

Nvtra2_qR tra2 qRT-PCR CGCTTTGTCTTTGCATCAATGAC This study 

Nvtra2_RNAiF tra2 RNAi [TAATACGACTCACTATAGGG]CCAAG

AAGATCAAGAGCCGA 

This study 

Nvtra2_RNAiR  tra2 RNAi [TAATACGACTCACTATAGGG]GTCCA

TCAATTGCCATTCCA 

This study 

  



Maternal provision of tra2 is required for female development and embryo viability in N. vitripennis | 

 47 

 

Parental RNAi and sample collection 

Parental RNAi knockdown was induced in white female ST
DR

 pupae (Lynch & Desplan, 2006). 

Non-sex-specific regions were amplified using Nvtra2_RNAiF and Nvtra2_RNAiR primers for Nv-

tra2 dsRNA (564bp) and NvTra_RNAiF1 and NvTra_RNAiR1 primers for Nv-tra dsRNA (452bp) 

(Table 3.1). The 5’ and 3’ sides of those amplicons were flanked with a T7 promotor as a 

template for dsRNA production using the Megascript RNAi kit (Ambion, Austin, Texas, USA) 

according to the manufacturer’s protocol. 

Approximately 600 female ST
DR

 pupae were injected in the abdomen with 1.3µg/µl of 

Nv-tra2 dsRNA, Nv-tra dsRNA or sterile water. Nv-tra was used as a positive control (see 

Verhulst et al. (2010a) for prior use) and sterilized milliQ as a negative control for the injection 

procedure. Injections were performed with Femtotips II (Eppendorf) needles connected to a 

Femtojet (Eppendorf, Hamburg, Germany) with continuous injection flow. Hundred and twenty 

adult females of each category were mated with AsymCX males and split over two sets for either 

embryo collections (60 wasps) or offspring production (60 wasps). Virgin females (60 wasps) 

were used to produce haploid male controls. 

Embryonic levels of Nv-tra2, Nv-tra and Nv-dsx mRNAs and sex-specific splicing of Nv-

tra and Nv-dsx were assessed in early embryos of less than three hours old (<3 h). Injected and 

control females were provided with Calliphora sp. hosts in individual egg laying chambers 

assembled from filter tips (1ml) capped with a cutoff 1.5ml vial as a host carrier. The anterior 

side of the hosts was exposed to the parasitizing females to facilitate localization of the embryos 

during collections. After two hours of oviposition in egg-laying chambers, hosts were gently 

opened to collect approximately 55 embryos in 100% ethanol per sample. Eight embryo samples 

per category were snap-frozen in liquid nitrogen and stored at -80°C until RNA extraction. 

Levels and sex-specific splicing of Nv-tra2, Nv-tra and Nv-dsx mRNAs were determined 

in adult progenies that were injected with either sterile water, or Nv-tra2 or Nv-tra dsRNA. 

Injected females were provided fresh hosts daily to oviposit for 24 hours at 25°C. Parasitized 

hosts were incubated for 14 days at 25°C after which offspring emerged. Offspring of Nv-tra2 

and Nv-tra injected females were phenotypically screened for sex and eye color and 10 diploid 

and 10 haploid males were collected per gene knockdown. Expected sex ratio and eye color of 

the offspring of control-group females were checked, and 10 diploid females and 10 haploid 

males were collected and stored at -80°C. Of all categories, another two adult offspring were 

collected and stored at -20°C for flow cytometry analysis to confirm ploidy (see below). 

 

mRNA levels in embryos and adults 

Quantitative real-time PCR (qPCR) analysis was performed using 5µl of a 50-fold cDNA dilution 

and 300nM PerfeCTaTM SYBR® Green mix (Quanta Biosciences, Gaithersburg, MD, USA) on an 

Applied Biosystems 7300 Real Time PCR System (Foster City, CA, USA). Nv-tra2, Nv-tra and Nv-

dsx were amplified with non-sex-specific, exon-spanning primers at 250nM (Table 3.1) (Verhulst 

et al., 2010a). The elongation factor 1 alpha (EF1α) was used as a reference gene using exon-
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spanning primers (250nM) (Table 3.1) (Verhulst et al., 2010a). qPCR profiles were 95°C for 3 

minutes, 45 amplification cycles of 15 seconds at 95°C, 58°C/58°C/57°C/55°C for Nv-tra2/Nv-

tra/Nv-dsx/Nv-EF1α, 72°C for 30 seconds and followed up by a standard ABI7300 dissociation 

curve. Raw fluorescence data generated by 7300 System SDS Software (Applied Biosystems, 

Foster City, CA, USA) were base-line corrected and the N0 value calculated with PCR efficiencies 

per amplicon using LinRegPCR 11.0 (Ramakers et al., 2003). Relative levels were determined by 

dividing Nv-tra2, Nv-tra and Nv-dsx N0 values by Nv-EF1α N0. A one-way ANOVA was used for 

each life stage (embryo, adult offspring) to test relative differences between the Nv-tra2, Nv-tra 

dsRNA injected samples and the water-injected control samples. 

 

Splice variant analysis of Nv-tra and Nv-dsx following pRNAi 

Sex-specific fragments of Nv-tra and Nv-dsx in injected and control females and their embryonic 

and adult offspring were analyzed by RT-PCR. 5µl of a 50-fold cDNA dilution was used in a PCR. 

For sex-specific Nv-tra amplification primers NvTra_F2 and NvTra_R3 were used, located at exon 

2 and 3, yielding a single 228 bp fragment in females and three fragments of 514, 460 and 282 

bp in males depending on their age. Primers NvDsxU_F3 and NvDsxM_R1 were used for sex-

specific Nv-dsx amplification, yielding 543 bp in females and 651 bp in males (Verhulst et al., 

2010a). For amplification and cDNA integrity control Nv-EF1α was amplified with NvEF1α_F1 

and NvEF1α_R1 primers yielding a 174 bp fragment in both genders. The PCR profile was 45 

cycles of 95°C for 15 seconds, 55°C for 30 seconds and 72°C for 30 seconds. Fragments were run 

and visualized on a 2% non-denaturing TAE gel and containing ethidiumbromide. 

 

Flow cytometry of diploid males 

Ploidy of Nv-tra2 and Nv-tra diploid males was confirmed by flow cytometry analysis. Adult male 

wasp heads were homogenized in Galbraith buffer (21mM MgCl2, 30mM tri-sodium citrate 

hydrate, 20mM MOPS, 0,1% Triton X-100, 1mg/l RNAse A) using Dounce homogenizers, filtered 

by 0.7µm cell strainer caps (BD Falcon Cell strainer #352235, BD Biosciences, San Jose, 

California, USA) and stained in propidium iodide (Sigma, St. Louis, Missouri, USA). Samples were 

loaded on a BD FACS Aria II and analyzed by BD FACSDiva software (BD Biosciences, San Jose, 

California, USA). References for ploidy were set by haploid and diploid males from a polyploid 

strain (Beukeboom & Kamping, 2006).  

 

Viability and fertility of offspring after parental Nv-tra2 and Nv-tra knockdown 

Brood sizes were analyzed to assess the survival of offspring from Nv-tra2 dsRNA, Nv-tra dsRNA, 

sterile water injected and non-injected mothers. The number of embryos was compared to the 

number of emerging adult offspring. ST
DR

 female pupae were injected with dsRNA targeting Nv-

tra2 (N=200), Nv-tra (N=200) and sterile water (N=200). Of each category 100 adult females 

were mated with AsymCX males, while the other 100 remained virgin. Mated and virgin females 
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were individually cultured in egg laying chambers and split over 2 batches which were 

alternately used for embryo or adult offspring counts. This prevented biases caused by 

knockdown efficiency or fecundity of the wasps. Wasps were allowed to parasitize on the 

anterior side of the hosts for 2 hours at 25°C, which was repeated on four consecutive days at a 

similar time of day. Females were allowed to oviposit for two hours, after which they were 

removed and hosts were either opened for embryo counts or retained at 25°C for 14 days to 

count adult offspring. Numbers of embryos and adult offspring were compared in a general 

linear model and a post-hoc Tukey-test was used to examine sample differences in embryo and 

adult number. Differences in egg number laid by females in each category were compared with 

a Kruskal-Wallis test. 

Adult male offspring from these experiments were used to assess fertility of haploid 

and diploid Nv-tra2 and Nv-tra pRNAi males compared to control males (haploid males from 

water-injected mothers). Each male (N=20 per category) was mated to 7 virgin females very 

shortly after one another to induce sperm depletion (Ruther et al., 2009). These females were 

hosted on 4 Calliphora sp. pupae every other day over a period of 10 days (5 data points). 

Offspring were scored after emergence and the fraction of data points (of 7 females x 5 

rehostings) producing daughters was calculated for each male. This provided a measurement of 

(diploid) male fertility. Differences between categories were compared with a one-way ANOVA. 

 

RESULTSRESULTSRESULTSRESULTS    

Structure and conservation of tra2 in N. vitripennis 

To identify a tra2 homolog in N. vitripennis, the reference genome of AsymCX (Werren et al., 

2010) was screened with an A. mellifera TRA2 query (Genbank accession AFJ15561) using 

tblastn. A putative homolog of tra2 could be detected that was previously described (Genbank 

accession XP_001601106, predicted isoform X3) in an amino acid comparison in Nissen et al. 

(2012). This predicted sequence was used for RACE-PCR and RT-PCR primer design. Four splice 

variants of Nv-tra2 were detected in N. vitripennis based on a combination of RACE-PCRs and 

additional RT-PCRs to verify the splice variation (Figure 3.1). An additional splice variant having 

24 bp (5’-CATCATTTGCTACCTTACACACAG-3’) joined to the 5’ end of exon 2 was found in very 

low frequencies. It was not possible to detect whether this 24bp inclusion is present in one or all 

four splice variants. This 24 bp variation was also described in the predicted isoforms X1 

(Genbank accession XP_008205153) and X2 (Genbank accession XP_008205154). Splice variant 

Nv-tra2
A
 containing exon 5 and the second part of exon 6 was most abundant (Figure 3.1). This 

splice variant matches exactly with the predicted isoform X3 (Genbank accession 

XP_001601106). Only splice variants Nv-tra2
C
 and Nv-tra2

D 
were not predicted by the 

automated computational analysis of the tra2 locus (NCBI Nasonia vitripennis Annotation 

Release 101). No sex-specific splice variant differences were detected between females and 

males. 



| Chapter 3 

 50 

 

The structure of TRA2, consisting of a single RBD flanked by RS-rich regions, is 

conserved in N. vitripennis. Unlike in A. mellifera (Nissen et al., 2012) no variation was found in 

the length of the first RS-rich domain. The 24 bp variation is just upstream of this region. The 

second RS-rich region is entirely absent in splice variants C and D and both splice variants are 

not abundant. Variant Nv-Tra2
D
 lacks a large part of the RBD region, which is fully present in the 

other splice variants (Figure 3.1).  

 

 
Figure Figure Figure Figure 3.3.3.3.1.1.1.1. Genomic structure of Nv-tra2. Blocks represent exons, numbered at the bottom of the figure, and the 

lines represent the introns. The white regions depict the 5’UTR and 3’UTR, and the black exons depict the coding 

region. The RBD domain is plotted in grey on the exons, only when present in full. Positions of primers used to 

generate the dsRNA construct (RNAi) and to measure the tra2 expression (q) are indicated at the top. The scale 

bar depicts 100 base pairs. 

 

The amino acid sequence of NV-TRA2 was aligned to known TRA2 homologs, revealing 

strong conservation, in particular within the Hymenoptera (Figures 3.2 and 3.3). A notable 

feature, compared to other insect TRA2 peptides, is the presence of a glycine-rich region at the 

3’end of the Nv-tra2
A
, Nv-tra2

B
 and Nv-tra2

C
 splice variants (presence in Nv-tra2

A 
depicted in 

figure 3.2 between positions 266 to 288). This glycine-rich region is also detected in the chalcid 

Ceratosolen solmsi (XP_011500657 (Xiao et al., 2013)) and B. mori (Niu et al., 2005) (Figure 3.2). 

 

Sex reversal effects of Nv-tra2 parental RNAi knockdown 

In order to target all the different Nv-tra2 splice variants, a shared sequence of 565 bp 

containing the RBD was used to synthesize dsRNA (primer positions shown in figure 3.1). This 

Nv-tra2 dsRNA was injected into females in the pupal stage. RNAi off-target effects were 

predicted with WaspAtlas (Davies & Tauber, 2015) and no targets other than Nv-tra2 were 

detected.  
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Parental knockdown with Nv-tra2 dsRNA led to a 10-fold reduction of Nv-tra2 transcripts in the 

offspring compared to that of water injected females (F(2,15)=27.1, P<0.001) (Figure 3.4a), but no 

effect on the level of Nv-tra mRNA (Tukey-test: P=0.22) (Figure 3.4b). Parental knockdown of 

Nv-tra led to a significant decrease in Nv-tra mRNA levels in the offspring compared to that of 

water-injected females (F(2,15)=13.3, P<0.001) (Figure 3.4b), but no significant effect on Nv-tra2 

mRNA levels (Tukey-test: P=0.18) (Figure 3.4a). Hence, pRNAi of either gene does not interfere 

with the other. 

 

 

Figure Figure Figure Figure 3.3.3.3.3.3.3.3. Gene tree of TRA2 based on amino acid sequence alignment and constructed with a pairwise deletion 

neighbour-joining method consisting of 1.000 bootstraps. The scale bar displays the number of substitutions per 

site. 

 

The adult offspring of Nv-tra2 knockdown females was scored after emergence, and 

consisted solely of males (Table 3.2). Nv-tra pRNAi resulted in male offspring, in agreement with 

earlier observations (Verhulst et al., 2010a). Males with wild type and red eye color were 

confirmed with flow cytometry to be diploid and haploid, respectively. The water-injected 

females produced progeny with a low sex ratio (calculated as the number of males divided by 

the total number of offspring). In the adult offspring of injected mothers, relative levels of Nv-

tra2 and Nv-tra mRNA had recovered, indicating that the RNAi response is transient. The sex-

specific splicing of sex determination genes Nv-tra and Nv-dsx was assessed in the adult 

offspring of Nv-tra2 dsRNA-, Nv-tra dsRNA- and water-injected females. Diploid females and 

haploid males resulting from water-injected mothers have normal female- or male-specific 

splicing of Nv-tra and Nv-dsx as expected. Both Nv-tra2 and Nv-tra dsRNA-injected females 

produced an all-male progeny, consisting of haploid and diploid males, that all showed splicing 
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of Nv-tra and Nv-dsx in the male-specific mode (Figure 3.5). This suggests that the role of Nv-

tra2 in the sex determination cascade is conserved, and that both Nv-tra and Nv-tra2 mRNA is 

provided by the mother to the zygote and is required for female development of fertilized eggs. 

 

 
Figure Figure Figure Figure 3.3.3.3.4.4.4.4. Relative expression (RE) in embryos. Relative levels of Nv-tra2 mRNA(a) and Nv-tra (b) in control 

embryos (water), embryos of mothers injected with Nv-tra2 dsRNA and embryos of mothers injected with Nv-tra 

dsRNA. Different letters above the bars indicate significant differences between treatment groups (Tukey test: 

P<0.05). 
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Table Table Table Table 3.3.3.3.2. 2. 2. 2. Nv-tra2 dsRNA, Nv-tra dsRNA and water-injected females and their offspring scored by sex and ploidy. 

Numbers of mated females (P: females (RNAi)) and counts of their offspring (F1: haploid males, F1: diploid females 

and F1: diploid males) are shown. Mean amounts of haploid and diploid offspring per female are calculated based 

on these counts. 

ConstructConstructConstructConstruct    P: P: P: P: ♀(RNAi)(RNAi)(RNAi)(RNAi)    F1: haploid F1: haploid F1: haploid F1: haploid ♂    F1: diploid F1: diploid F1: diploid F1: diploid ♀    F1: diploid F1: diploid F1: diploid F1: diploid ♂    Mean # Mean # Mean # Mean # 

haploid haploid haploid haploid 

offspring offspring offspring offspring 

per femaleper femaleper femaleper female    

Mean # Mean # Mean # Mean # 

diploid diploid diploid diploid 

offspring offspring offspring offspring 

per femaleper femaleper femaleper female    

Nv-tra2 61 251 0 46 4.11 0.75 

Nv-tra 56 212 0 450 3.79 8.04 

water 55 210 1195 0 3.82 21.73 

 

 

Figure Figure Figure Figure 3.3.3.3.5.5.5.5. Sex-specific splicing patterns of Nv-tra and Nv-dsx in pRNAi mothers and offspring. Amplicons are 

produced by RT-PCRs on samples of mothers, embryos and diploid (2N) and haploid (N) adult offspring. The 

injected substance (water, Nv-tra2 dsRNA or Nv-tra dsRNA) is depicted underneath each sample. Arrows mark 

female-specific splicing and male-specific splicing of Nv-tra and Nv-dsx. Control gene EF1α is displayed at the 

bottom. 
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Functionality of Nv-tra2: viability and additional knockdown effects 

All diploids observed after Nv-tra2 knockdown were males, but their numbers were very low. 

Additionally, a reduction in adult offspring numbers of both Nv-tra and Nv-tra2 pRNAi females 

compared to those produced by water-injected mothers (Table 3.2) was noted. This reduction in 

offspring after pRNAi could result from a reduced oviposition or from lethality during 

development. To determine which was the case, the amount of oviposited embryos and adult 

offspring produced by mated and virgin females were scored. A large discrepancy between the 

number of oviposited eggs and emerging adults, in absence of larval or pupal remains, would 

indicate embryonic inviability, whereas lower numbers but equal for eggs and adults, would 

indicate reduced fertility. 

In Nv-tra2 pRNAi virgin females, a significant difference was detected between the 

number of oviposited eggs and the number of emerged offspring (F(4,1014)=9.8, P<0.001, Tukey-

test: P<0.001). The number of eggs deposited by Nv-tra pRNAi virgin females did not 

significantly differ from the number of emerged offspring (Tukey-test: P=0.74) (Figure 3.6a). 

Mated females injected with either Nv-tra2 or Nv-tra dsRNA showed a discrepancy between 

number of oviposited eggs and adult emergence (F(4,971)=34.9, P<0.001) (Figure 3.6b), indicating 

embryonic lethality in both categories. Overall, fewer embryos were found for both Nv-tra and 

Nv-tra2 dsRNA-injected females (H(3,507)=84.7, P<0.001) when compared to non-injected 

females, but this reduced fecundity was also present in the water-injected control category, 

suggesting an effect of handling and injection trauma more so than potential dsRNA side effects. 

Since maternal Nv-tra2 knockdown caused a dramatic mortality in the offspring of 

these wasps, the fertility of the surviving male offspring was tested. Haploid and diploid Nv-tra 

pRNAi males as well as haploid and diploid Nv-tra2 pRNAi males had normal capabilities to mate 

and inseminate females compared to the control haploid males of water-injected mothers 

(Figure 3.7). A significant difference was only found between haploid and diploid Nv-tra pRNAi 

males (F(4,94)=3.5916, P=0.009, Tukey: p=0.003). Neither of these categories differed in 

fertilization abilities from the haploid control males, suggesting that this may be a sample size 

(N=20 per category) or environmental effect. 

 

DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION    

Conservation of tra2 in the N. vitripennis sex determination cascade 

We showed that an ortholog of tra2 is present in the genome of N. vitripennis, but it is not sex-

specifically spliced. This is also observed for tra2 genes of other insects, although there are 

exceptions (Chapter 6). The tra2 gene is an important part of the Nasonia sex-determining 

cascade, as prevention of Nv-tra2 maternal provision by pRNAi leads to male-specific splicing of 

both Nv-tra and Nv-dsx pre-mRNA in diploid fertilized eggs and subsequent differentiation into 

functional males.  
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Figure Figure Figure Figure 3.3.3.3.6.6.6.6. Offspring counts of (a) virgin and (b) mated females. Virgin females produced only haploid offspring and 

mated females produce a majority of diploid offspring when hosted individually. The number of eggs laid in a host 

is plotted in dark grey and the number of adult offspring which emerged from a host is plotted in light grey. The 

stars indicate the level of significance between the number of embryos and adults of the same treatment: *** 

P<0.001. 
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The change from female to male development of fertilized eggs upon parental 

knockdown of Nv-tra2 expression indicates functional and positional conservation of tra2 in the 

Nasonia sex determination cascade. Absence of maternal Nv-tra2 mRNA provision fails to direct 

the sex determining pathway of diploid embryos towards female development, as only male-

specific splice variants of Nv-tra and Nv-dsx are detected. Our results also suggest that NV-TRA2 

is required for initiation of the female-specific Nv-tra autoregulatory loop. After all, if NV-TRA2 

would only interact with Nv-dsx, maintenance of female-specific splicing of Nv-tra would be 

unaffected and only male-specific splicing of Nv-dsx would occur. Similar to A. mellifera (Nissen 

et al., 2012), in Nasonia TRA2 acts on two levels in the sex determination cascade, regulating the 

splicing of both tra and dsx. 

 

 
Figure Figure Figure Figure 3.3.3.3.7.7.7.7. Fertility of knockdown male offspring. . . . Mean fraction of daughters/total offspring per vial produced by 

haploid and diploid males of pRNAi Nv-tra2, Nv-tra and water-injected mothers. 

 

Role of Nv-tra2 in embryo viability 

Following pRNAi of Nv-tra2, a high lethality of both haploid and diploid offspring was observed, 

while Nv-tra pRNAi led to only high lethality in the diploid offspring. This suggests that (1) Nv-

tra2 likely has other functions in early development, as lowered maternal Nv-tra2 provision 

leads to inviable haploid and diploid offspring and (2) the lack of Nv-tra, and possibly also Nv-

tra2, maternal mRNA impairs the development of the diploid zygote (Figure 3.8). Unfortunately, 

we cannot distinguish between the causes of the observed inviable offspring and diploid 

lethality after Nv-tra2 knockdown. Our first conclusion is corroborated by Nissen et al. (2012) 

who reported effects of tra2 knockdown on embryogenesis in A. mellifera that were not sex-
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specific and independent of tra regulation. This suggests a similar role of Nv-tra2 in 

embryogenesis as in A. mellifera, but our experimental approach differs from Nissen et al. 

(2012). Our parental RNAi knockdown blocks maternal provision, whereas in A. mellifera dsRNA 

is injected directly in embryos to silence zygotic transcription. In dipterans and lepidopterans, 

RNAi studies have not shown any function for tra2 in embryogenesis (Burghardt et al., 2005; 

Salvemini et al., 2009; Suzuki et al., 2012). However, in T. castaneum (Shukla & Palli, 2013) RNAi 

with tra2 dsRNA at the larval stage led to developmental arrest, suggesting that tra2 could have 

acquired additional developmental functions in Hymenoptera and Coleoptera or has lost such 

functionality in Diptera and Lepidoptera. 

 

 

 

 
    

    

Figure Figure Figure Figure 3.3.3.3.8.8.8.8. Overview of maternal provision and resulting offspring development in non-manipulated and pRNAi N. 

vitripennis. Depicted at the top is the normal embryonic development of N. vitripennis; at the bottom is the 

embryonic development following pRNAi with Nv-tra or Nv-tra2 dsRNA. The ploidy of the embryo is represented 

by one or two chromosomes, with the maternal chromosome in light gray and the paternal chromosome in dark 

gray. Maternal provision is indicated by horizontal bars representing mRNA of Nv-tra (tra
F
) and Nv-tra2 (tra2). 

Knockdown of maternal provision by pRNAi is portrayed with a dotted outline, while the unaffected maternal 

provision is indicated with a solid outline. Underneath, the resulting sexual development is stated with the 

observed viability.    
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Our second conclusion may be caused by an additional mechanism. The decreased 

survival of diploids following Nv-tra pRNAi can also be seen in the data from Verhulst et al. 

(2010a) where mated mothers produced 44% haploid offspring. This deviates from a normal 

progeny sex ratio of a single foundress that typically contains about 15% haploid (male) 

offspring, as observed in the water injected females of this study. Nv-tra or Nv-tra2 pRNA 

knockdown probably results in the inadequate formation of a TRA/TRA2 complex and/or 

autoregulatory loop of Nv-tra. Nv-tra pRNAi knockdown does not seem to impact haploid 

offspring, who under normal developmental conditions would not produce functional TRA 

protein, and therefore the absence of the TRA/TRA2 complex will only be detrimental to diploid 

offspring. Viable diploid males are observed in a polypoid mutant N. vitripennis strain (Whiting, 

1960), however, these individuals emerge from unfertilized diploid eggs, and thus do not carry a 

paternal genome set (Beukeboom et al., 2007b). In this study, diploid offspring in both pRNAi 

classes have a notable difference compared to their haploid brothers, as they obtain a paternal 

chromosome set upon fertilization. One possible explanation for the higher mortality of diploid 

embryos resulting from Nv-tra or Nv-tra2 pRNAi is therefore that activated genes from the 

paternal genome are incompatible with male development and this would lead to an early 

developmental arrest. 

 

Surviving diploid males do not differ from haploids in splicing and fertility 

Despite the reduced viability of diploid Nv-tra pRNAi males and an almost complete inviability of 

diploid Nv-tra2 pRNAi males, the surviving males do not appear to suffer subsequent effects. 

Their sex determination cascade is firmly fixed in the male mode with male-specific splicing of 

both Nv-tra and Nv-dsx. Furthermore, their ability to mate with females and fertilize their eggs 

does not appear to be impacted. This suggests that only very early processes, possibly at the 

start of zygotic transcription, result in the observed inviability. If the male developmental 

pathway is firmly established, these males appear not to encounter any further costs of their 

diploid status. 

 

Activation of tra under CSD and MEGISD 

The requirement of maternally provided Nv-tra and Nv-tra2 for survival of diploid embryos 

highlights the importance of maternal effects in the N. vitripennis MEGISD sex determination 

(Verhulst et al., 2010a). Maternal provision of Nv-tra alone is not sufficient to start the female-

specific cascade; Nv-tra2 mRNA is required as well in the early embryo to ensure both female 

development and proper embryonic development. In contrast, in the honeybee, RNAi 

knockdown of fem does not lead to noticeable inviability (Beye et al., 2003; Hasselmann et al., 

2008a; Gempe et al., 2009). Diploid males resulting from homozygous csd alleles can develop in 

A. mellifera, but are killed by workers before reaching adulthood (Woyke, 1963). Apparently, 

silencing this transducing stage of the sex determination cascade has different consequences for 

the CSD mechanism of A. mellifera than for the MEGISD mechanism of N. vitripennis. Fem
F
 in A. 
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mellifera is not maternally provided contrary to the tra
F
 mRNA provision in N. vitripennis 

(Gempe et al., 2009; Verhulst et al., 2010a). The female-specific cascade in A. mellifera is 

activated in the presence of two different csd alleles. N. vitripennis sex determination relies on a 

silencing mechanism in the mother/activating signal in the father and its differently imprinted 

chromosome sets may result in additional detrimental effects when present in an embryo 

developing into the opposite sex. 
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ABSTRACTABSTRACTABSTRACTABSTRACT    

Sex determination cascades evolve at a rapid pace causing variation in sex determination 

mechanisms in many organismal groups. Particularly insects use multiple mechanisms and show 

fast diverging sex determination genes. Little, however, is known about how this divergence 

relates to the functioning and evolution of sex determination cascades. In haplodiploid species 

of the insect order Hymenoptera only two mechanisms have been studied thus far: 

Complementary Sex Determination (CSD) and maternal effect genomic imprinting sex 

determination (MEGISD). The distribution of these mechanisms and conservation of the 

underlying genes are still to be determined. The parasitoid wasp Asobara tabida has tested 

negative for a CSD mechanism, yet the molecular and functional details of its sex determination 

system are still unknown. This study presents the characterization of genes associated with sex 

determination in A. tabida, based on a draft genome assembly. Sex determination genes 

doublesex (dsx), transformer (tra) and transformer-2 (tra2) are identified in A. tabida with the 

first two showing sex specific splicing suggesting their conserved function in sex determination. 

Tra and tra2 mRNA are maternally provided to embryos, but the maternal input of tra mRNA is 

restricted to unique non-sex-specific transcripts contrary to other insects. A. tabida sex 

determination differs from the MEGISD mechanism in its absence of sex-specific tra provision 

and may constitute a hitherto unknown haplodiploid sex determination mechanism. 
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    

The genetic basis of developmental pathways is presumed to be well conserved due to the 

functional necessity of these basic processes in any organism. One of these basic processes is 

sex determination, a developmental pathway present in almost all eukaryotes, which governs 

the sexual differentiation leading to the development of female and male individuals or 

structures. Despite its universality within the eukaryotic domain, sex determination comprises a 

wide variety of fast evolving mechanisms. Although different genes are involved in the genetic 

pathway of sex determination, the overall structure is shared between the different 

mechanisms. A primary signal starts the cascade and is passed through a range of sex 

determination genes towards the downstream master switch, which regulates sexual 

differentiation genes (Herpin & Schartl, 2015). The downstream genes appear more conserved 

than the upstream signals as the cascade evolves from the bottom upwards (Wilkins, 1995). The 

master switch at the bottom of the sex determination cascade in insects is doublesex (dsx), 

which has been characterized in a range of insect species (Shukla & Nagaraju, 2010; Verhulst & 

van de Zande, 2015). It belongs to a group of DNA-binding motif (DM) encoding genes which are 

present among Metazoa and is potentially involved in sex determination of other invertebrates 

and vertebrates (Matson & Zarkower, 2012). Dsx is spliced in sex specific variants containing a 

second oligomerization domain (OD2), which leads to the production of male and female 

specific DSX proteins. 

The gene controlling the splicing of dsx is transformer/feminizer (tra/fem). It is not 

functionally conserved outside insects, and even within insects, it is absent in Lepidoptera and 

basal lineages of Diptera (Geuverink & Beukeboom, 2014; Kiuchi et al., 2014). Tra belongs to a 

class of SR-type proteins that contain high frequencies of arginine (R) and serine (S) residues. 

Most insects have an order-specific domain in tra, e.g. the hymenopteran domain (HYM) in 

Hymenoptera and the dipteran domain (DIP) in Diptera (Verhulst et al., 2010b). The Ceritatis-

Apis-Musca (CAM) domain is present in all tra homologs, excluding drosophilids, but only in 

female splice variants, and absent from male specific splice variants of tra (Hediger et al., 2010). 

Sex-specific tra RNA is produced by alternative splicing and only the female-specific splice form 

yields a functional protein that can splice premature tra mRNA in the female-specific form, 

thereby creating an autoregulatory loop. The male specific splice variants only result in 

truncated proteins. The activation of tra and the signal-relaying pathway of tra switching on dsx 

is remarkably conserved despite the diversity in mechanisms (Bopp et al., 2014). The functional 

female TRA protein forms a complex with the Transformer-2 protein (TRA2) to enforce female 

splicing of dsx (Amrein et al., 1990; Hedley & Maniatis, 1991; Inoue et al., 1992). The structure 

of TRA2 is highly conserved and contains a RNA binding domain (RDB) flanked by two 

arginine/serine rich regions in all species documented thus far. Studies in various dipterans, the 

coleopteran Tribolium castaneum and in the hymenopteran Apis mellifera have shown that 

TRA2 is involved in female-specific tra splicing (Burghardt et al., 2005; Concha & Scott, 2009; 
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Salvemini et al., 2009; Martín et al., 2011; Sarno et al., 2011; Nissen et al., 2012; Shukla & Palli, 

2013). 

Haplodiploid insects, comprising all Hymenoptera and Thysanoptera, but also several 

branches of Coleoptera and Hemiptera, are of special interest for sex determination research, 

because they lack sex chromosomes, i.e. chromosomes that inherit in a sex-specific manner. 

Males and females share all chromosomes but differ in ploidy level (haploid males, diploid 

females). Genetic studies of sex determination in haplodiploids have so far only been performed 

within the Hymenoptera. Model organisms are the honey bee A. mellifera (Apoidea) and the 

parasitoid wasp Nasonia vitripennis (Chalcidoidea). Information obtained from these species 

provides a framework for studies in other haplodiploid systems. A. mellifera has complementary 

sex determination (CSD) in which sex is determined by the allelic state of the complementary sex 

determiner (csd) locus, a paralog of tra (Beye et al., 2003; Hasselmann et al., 2008a). An 

individual that is homozygous or hemizygous at csd becomes male, while heterozygous 

individuals develop into females. 

Dsx and tra are conserved in N. vitripennis (Oliveira et al., 2009; Verhulst et al., 2010a), 

but no paralogs of tra (i.e. csd) have been detected (Hasselmann et al., 2008a; Werren et al., 

2010). A sex determination mechanism combining maternal effects and genomic imprinting 

(MEGISD) was described for N. vitripennis (Beukeboom & Kamping, 2006; Verhulst et al., 2010a). 

Females provide their eggs with female specific tra mRNA to start the autoregulatory loop which 

is necessary for female development (Verhulst et al., 2010a). To maintain the autoregulatory 

loop in fertilized embryos, the presence of the non-silenced paternal womanizer (wom) 

(Verhulst et al., 2013) allele, in addition to the silenced maternal wom allele, activates tra 

expression. In unfertilized embryos, only the silenced maternal wom allele is present resulting in 

no zygotic tra expression, leading to haploid male development. This form of parental imprinting 

sex determination has not yet been documented in any other hymenopteran. 

The hymenopteran superfamily of Ichneumonoidea consists of species displaying a 

wide range of reproductive modes and life histories. Both CSD and non-CSD mechanism are 

found in this superfamily, even within a single genus (Heimpel & de Boer, 2008). Amongst 

Hymenoptera, a CSD mechanism can be inferred through inbreeding tests as its presence will 

then result in diploid males. However, the molecular mechanism of CSD has only been 

elucidated in A. mellifera (Beye et al., 2003; Hasselmann et al., 2008a; Gempe et al., 2009) and 

may consists of different genetic elements in other branches of Hymenoptera. It is unknown if 

MEGISD is a widespread sex determination mechanism in non-CSD systems and no molecular 

data is available for species lacking CSD to infer a (novel) sex determination mechanism. The 

detection of MEGISD is much harder than that of CSD as it relies on molecular assessment of sex 

determination genes, which is only feasible with transcriptomic or genomic data. 

Parasitoids of the Asobara genus (Braconidae) are a group of well-studied 

ichneumonoid wasps. They occur worldwide and use Drosophila larvae as hosts (Carton et al., 

1986). The sex determination mechanism of Asobara tabida has tested negative for single locus 
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CSD through inbreeding crosses (Beukeboom et al., 2000) and subsequent inbreeding tests for 

multi locus CSD rejected any models for up to ten sex determining loci in A. tabida, A. pleuralis, 

A. citri and A. japonica (Ma et al., 2013). In absence of CSD, a mechanism similar to the MEGISD 

model of N. vitripennis could be present in Asobara wasps. In this study we characterize the 

genes and their role in the sex determination cascade of A. tabida. We identify the central axis 

genes dsx, tra2 and tra and examine whether these genes are sex-specifically spliced. We 

describe the expression and splicing of these sex determination genes during embryo 

development. By measuring the expression in the early stage embryos we assess the maternal 

provision of sex-specific tra mRNA to examine if MEGISD could be the sex determination 

mechanism in A. tabida, similar to Nasonia. To facilitate the identification of these and future 

candidate genes we present the first draft of the A. tabida genome sequence. 

 

MATERIAL AND METHODSMATERIAL AND METHODSMATERIAL AND METHODSMATERIAL AND METHODS    

Insect culturing 

The highly inbred TMS strain (Ma et al., 2013), that originates from strain SOS (Sospel, France) 

and Italy (Pisa, Italy), was used as genomic source material and in subsequent experiments. The 

wasps were cultured on second instar Drosophila melanogaster host larvae (72 hours of 

development) at 20°C under constant light. 

 

Asobara genome and transcriptome assembly 

A whole-genome next-generation sequencing approach was used to sequence the genome of 20 

pooled adult females from the TMS strain. Two libraries were constructed with an insert size of 

380bp and 780bp, and paired-end sequenced in two lanes on an Illumina HiSeq2000 resulting in, 

respectively, ~78M reads and ~68M reads of 100bp, giving an approximate genome coverage of 

60x. 

De novo genome assembly was performed using the parallel version ABySS 1.5.2 

(Simpson et al., 2009) with default settings. First, a k-mer sweep was done to find the optimal k-

mer for assembly and with a k-mer of 56 the final assembly was done. To optimize subsequent 

scaffolding in ABySS, the male and female RNAseq assemblies (see below) were used in the final 

re-scaffolding step. Genome assembly statistics were determined using Quast 4.1 (Gurevich et 

al., 2013). 

An adult male and female transcriptome were separately sequenced from a pool of 11 

females and 25 males. Females and males were stored in RNAlater in batches of 3 or 5 

specimens 24-48h after emergence. RNA extractions were performed according to 

manufacturer’s protocol with TriZol (Invitrogen, Carlsbad, California, USA) followed by an 

additional ethanol wash. The constructed libraries were barcoded and single-end sequenced in 

one lane on an Illumina HiSeq2000 resulting in ~36M reads for the male library, and ~23M reads 

for the female library. Read length was 96bp after removal of the barcodes. 
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De novo transcriptome assembly was performed using Trinity version r2011-11-26 

(Grabherr et al., 2011) with default settings. Transcriptome statistics were determined using 

TrinityStats, included in the Trinity version 2.2.0 package. 

 

Ortholog identification 

Orthologs of sex determination and methylation genes were identified using translated BLAST 

(Altschul et al., 1997) against the A. tabida genomic assembly. DSX and TRA protein sequences 

of Apis mellifera (ABW99105, NP_001128300) and Nasonia vitripennis (ACJ65507, 

NP_001128299) and the TRA2 sequence of A. mellifera (NP_001252514) were used as queries. 

Prior to availability of the genomic assembly, a small fragment of transformer was detected in an 

A. tabida EST dataset (Kremer et al., 2012) using translated BLAST. This fragment was used for 

initial primer development. 

 

RNA extraction, cDNA synthesis and splice-variant detection 

Adult females and males were individually collected 24-48h after their emergence from the D. 

melanogaster pupae. RNA extraction was performed according to manufacturer’s protocol with 

TriZol (Invitrogen, Carlsbad, California, USA). For 3’RACE (Rapid Amplification of cDNA Ends), 

RNA was reverse-transcribed with the RevertAidTM H Minus First Strand cDNA Synthesis Kit 

(Fermentas, Hanover, MD, USA) using 25µM 3’RACE adapter (5'-GCG AGC ACA GAA TTA ATA 

CGA CTC ACT ATA GGT 12VN-3') from FirstChoice RLM-RACE kit (Ambion, Austin, TX, USA). For 

5’RACE, RNA was processed according to manufacturer’s instructions (FirstChoice RLM-RACE kit, 

Ambion, Austin, TX, USA) and reverse-transcribed using the RevertAidTM H Minus First Strand 

cDNA Synthesis Kit (Fermentas, Hanover, MD, USA). To assess the At-tra splice variants present 

in adult males and females 5’RACE-PCR was performed with outer primer Attra5RACEout (5’-

CCATTCTGAAGTCGATCTGC-3’) and inner primer Attra5RACEin (5’-CTTCGTGGACTTGATTCTCCT-

3’) in a reaction at 94°C for 3 minutes, 35 cycles of 94°C for 30 seconds, 58°C for 30 seconds and 

72°C for 2 minutes, with a final extension of 10 minutes at 72°C. Outer primer Attra3RACEout 

(5’-CAGGAGAAGGCTCGAAACCT-3’) and inner primer Attra3RACEin (5’-

GCGAAGAGCTGAATACTAACGA-3’) were used in 3’RACE-PCR at an annealing temperature of 

55°C and otherwise identical conditions. 5’RACE-PCR of At-dsx was performed with outer primer 

Atdsx5RACEout (5’-ATCACTTTCTGTCTATCCGT-3’) and inner primer Atdsx5RACEin (5’-

CGGTATTTGCAATATCTCTTGTGTC-3’) in a reaction at 94°C for 3 minutes, 40 cycles of 94°C for 30 

seconds, 56°C for 30 seconds and 72°C for 60 seconds, with a final extension of 7 minutes at 

72°C. Outer primer Atdsx3RACEout (5’-GGGACACAAGAGATATTGCA-3’) and inner primer 

Atdsx3RACEin (5’-CATTCTTACGACGGATAGAC-3’) were used in 3’RACE-PCR at an extension time 

of 2 minutes and otherwise identical conditions. 5’RACE-PCR of At-tra2 did not yield any 

fragments after various attempts and was eliminated from the tests. RNAseq isotigs and the 

genomic contig yielded a putative tra2 homolog including the 5’UTR (Table 4.1). 3’RACE-PCR of 

At-tra2 was performed with outer primer Attra23RACEout (5’-AGGAGCAGGTCTTATTCTAGGT-3’) 
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and inner primers Attra23RACEin1/Attra23RACEin2 (5’-TAGGAGTCCAATGTCATCAAGAAGG-3’/5’-

TCAATGATGCAAAGACTGGGAG-3’) in a reaction at 94°C for 3 minutes, 40 cycles of 94°C for 30 

seconds, 56°C for 30 seconds and 72°C for 60 seconds, with a final extension of 7 minutes at 

72°C. 

Reverse transcription (RT)-PCRs to confirm the splicing variation of each gene were 

performed with primers AttraF (5’AAACAGTGGAGAATAGAGCA-3’) and AttraSSR (5’-

CTGTATGGAGGTCTGAAACGA-3’) for At-tra, primers AtdsxfrontF (5’-CTCCACCCGTTACAAGTGAT-

3’) and AtdsxbackR (5’-GTAGAGCTCAGCCTCTGAC-3’) for At-dsx, and primers Attra2FrontF(5’-

CCCAACGAGAACTCCGCA-3’) and Attra2exon4R (5’-CCTTCAAACTTCCCTCTATCATCC-3’) for At-

tra2. All RACE-PCR and RT-PCR products were ligated into pGEM-T vector (Promega, Madison, 

WI, USA) after purification using GeneJET Gel Extraction Kit (Fermentas, Hanover, MD, USA). 

Ligation reactions were used to transform competent JM-109 Escherichia coli (Promega, 

Madison, WI, USA). Colony-PCR was conducted by use of pGEM-T primers (5’-

GTAAAACGACGGCCAGT-3’ and 5’-GGAAACAGCTATGACCATG-3’) at 94°C for 3 minutes, 30 cycles 

of 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 2 minutes, with a final extension of 7 

minutes at 72°C. Both strands were sequenced and fragments were aligned to one another and 

to the assembled genomic contigs to inspect the splicing variation. The structure of the genes 

was visualized with Exon-Intron Graphic Maker (http://wormweb.org/exonintron). Alignments of 

TRA, TRA-CAM, TRA2 and DSX were produced with Geneious8 (Biomatters Ltd) and gene trees 

were constructed using a Maximum Likelihood algorithm in MEGA7 (Kumar et al., 2016). 

 

Table Table Table Table 4.4.4.4.1111. Identified homologs of sex determination genes in A. tabida. 

GeneGeneGeneGene    ScaffoldsScaffoldsScaffoldsScaffolds    Conservation (EConservation (EConservation (EConservation (E----value value value value 

compared to compared to compared to compared to N. vitripennisN. vitripennisN. vitripennisN. vitripennis    

amino acid sequence)amino acid sequence)amino acid sequence)amino acid sequence)    

transformer 1743548, 1858287 9e-005 

doublesex 1858048, 1801331, 1850441, 

1804618, 641499 

4e-014 

transformer-2 1856765, 35458, 1827793 4e-026 

 

 

Embryo collection for At-tra expression and splice variation 

Hosts containing TMS strain wasps in the pupal stage were separated individually in tubes to 

prevent females from mating. A batch of mated females was collected from mass culture 

bottles. Groups of three virgin or mated females were allowed to parasitize hosts for 2 hours to 

improve host detection. Following this pre-treatment they were kept for 2 days at 12°C and 

provided with honey for feeding. Next, each group of wasps was provided with 30 hosts for 2 

hours every third day, alternated with a period of 2 days without hosts but honey-feeding. This 

allowed for collection of embryos of life stages up to 24-26 hours. As differences in 

development and chances of encapsulation by the host increase in later developmental stages 
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of the hosts, the wasps were allowed more time to parasitize during the collection points of 48-

52 hours (4 hours), 72-76 hours (4 hours) and 120-144 hours (24 hours). Petri dishes containing 

parasitized hosts were kept under constant light at 20°C. After the allotted development time 

the petri dishes were rinsed with water and the host larvae collected and stored crushed in 

TriZol at -80°C. A subset of larvae from each group and time-point was left to develop into 

adults. This served as control for the virginity of the unmated females, who indeed only 

produced male offspring. The progenies from mated females yielded information about 

offspring sex ratio, which was on average 0.38 (proportion male). Of each group and time-point, 

6 tubes with each 10 parasitized larvae were used for RNA extraction, as described for adult 

tissue above. All total RNA was used for cDNA synthesis, as each sample consisted only for a 

small part of the parasitoid RNA. Reverse transcription was performed with a mixture of 1:6 

random oligo-dT:random hexamers from the RevertAid
TM

 H Minus First Strand cDNA Synthesis 

Kit (Fermentas, Hanover, MD, USA). Controls of unparasitized D. melanogaster larvae of similar 

age groups were included. 

 

Quantitative real-time PCR 

For quantitative real-time PCR (qPCR) both embryological and adult samples were diluted 1:50. 

5µL of diluted cDNA was combined with 10µL PerfeCTa SYBR Green Fast Mix (Quanta 

BioSciences, Gaithersburg, USA) and 200nM of primers. Two different primer sets were used to 

differentiate between the At-tra splice variants: AttraSSqF (5’-

GAACGTGAAGAACTGAAGGTTGAG-3’) plus AttraSSqR (5’-CTTGACCTCCCGTCATGCCT-3’) and 

AttraNSSqF (5’-GAAGAGAAGGAGAAGGCTCG-3’) plus AttraNSSqR (5’-

GAAGGGTGGGATGAAATAAGG-3’). The first set measures the expression of both female-specific 

and male-specific splice variants, combined noted as SS (sex-specific). The latter set amplifies 

the non-sex-specific (NSS) splice variants of transformer in A. tabida, which were chosen to be 

combined as their amino acid sequence shows very strong similarity. The primer set for At-dsx, 

consisting of AtdsxqF (5’-TTCAGCAATGTACCAATCGGTG-3’) and AtdsxqR (5’-

TACCAGAATTGCTCCAGAAGTTTGAC-3’), amplified all splice variants. Primers Attra2qF (5’- 

TAACGCAACGAGCACATACAC-3’) and Attra2qR (5’-GAGCTTTCTCTACGCCTG-3’) were used to 

amplify the single mRNA transcript of At-tra2. Elongation factor 1 alpha was used as the 

reference gene with primers EF1αF (5’-TCACCGCTCAGGTTATTGTC-3’) and EF1αR (5’-

GGCACAAGATTGACGATAGCTG-3’). All primer sets were used at 95°C for 15 minutes, 45 cycles 

of 95°C for 15 seconds, 56 (At-dsx and At-tra2) or 58 (EF1α , At-tra
SS

 and At-tra
NSS

)°C for 30 

seconds and 72°C for 30 seconds. Dissociation curves were produced to check for non-specific 

amplification. An amplified product of each primer set was cloned, according to the protocol 

above, to confirm the sequence identity of the amplicon. Negative control samples of 

unparasitized D. melanogaster larvae were tested under the same qPCR conditions and did not 

show any amplification after 45 cycles. 
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Relative mRNA levels were determined by dividing At-tra2, At-tra
SS

, At-tra
NSS

 and At-dsx 

N0 values by At-EF1α N0. At-tra2, At-tra
NSS

 and At-dsx were tested in a general linear model with 

categorical factors fertilization and time-point. A Kruskal Wallis test was used to compare the 

relative mRNA levels of At-tra
SS

 between fertilized and unfertilized eggs sorted by time-point. 

Relative mRNA levels of At-tra
SS

 across development differences between females and males 

were compared with a Mann-Whitney U test. 

 

Splice variant presence during development 

RT-PCRs with primers AttraRTF (5’-TCTTCGTCGACTATCAATATCC-3’) and AttraRTR (5’-

TTCTCAACCTTCAGTTCTTCAC-3’) were performed on embryo and adult cDNA samples at 94°C for 

3 minutes, 45 cycles of 94°C for 30 seconds, 54°C for 30 seconds and 72°C for 2 minutes, with a 

final extension of 7 minutes at 72°C. The non-sex-specific At-tra transcripts were amplified with 

the same primers used in the qPCR AttraNSSF (5’-GAAGAGAAGGAGAAGGCTCG-3’) and 

AttraNSSR (5’-GAAGGGTGGGATGAAATAAGG-3’). Reactions were performed at 94°C for 3 

minutes, 45 cycles of 95°C for 30 seconds, 58°C for 30 seconds and 72°C for 30 seconds, with a 

final extension of 7 minutes at 72°C. At-dsx splicing was amplified using AtdsxRTF (5’-

GGAGCAATTCTGGTATTCATGG-3’) and AtdsxRTR (5’-CCTGGTGGATTTGATACTTTAGTG-3’) at 94°C 

for 3 min, 40 cycles of 94°C for 30 sec, 55°C for 30 seconds, 72°C for 1 minute, with a final 

extension of 7 minutes at 72°C. Products were run and visualized on a ethidiumbromide-

containing 1.5% agarose gel. 

 

RESULTSRESULTSRESULTSRESULTS    

Draft genome of A. tabida 

De novo assembly of two Illumina paired-end read libraries resulted in a draft genome of the A. 

tabida inbred TMS strain with 925,296 contigs and a total length of 271 Mb. Subsequent 

scaffolding using the male and female RNAseq data resulted in 48,930 scaffolds bigger than 

500bp having a total length of 202 Mb with half of the bases residing in contigs larger than 

8291bp (N50). The largest contig is 258 kb and 245 contigs are larger than 50 kb. As A. tabida is 

suggested to possess 12-17 chromosomes (G. Massimo, pers. comm.) and a genome size of 

286Mb (J.G. de Boer, pers. comm.), we assembled 71% of the genome in contigs larger than 500 

bp. We assessed the completeness of the assembly using BUSCO (Simão et al., 2015). Of the 

2675 conserved Arthropod orthologs tested, 78.6% were present in complete form, of which 

4.8% were found multiple times. 14.8% of the orthologs were found to be fragmented and 6.7% 

could not be detected in the assembly. 

De novo assembly of the RNAseq libraries resulted in two draft transcriptomes of A. 

tabida adult males and females. The male assembly contains 32,484 genes coding for 44,403 

transcripts, and the female assembly contains 23,968 genes coding for 30,259 transcripts. The 

transcriptomic assemblies were assessed with BUSCO for the presence of the 2675 conserved 
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Arthropod orthologs. The male and female datasets revealed respectively 77.8% and 77.2% 

complete orthologs, of which 23.6% and 17.9% were present multiple times. 8.9% and 6.6% of 

the orthologs were fragmented and 13.2% and 16.2% could not be detected in the 

transcriptomic assemblies. The two assemblies were used to re-scaffold the genome assembly 

yielding longer contigs. 

 
Figure 4.1.Figure 4.1.Figure 4.1.Figure 4.1. Exon-intron structure of the female-specific, male-specific and non-sex-specific (NSS) splice variants of 

tra in A. tabida. White boxes represent the 5’ and 3’UTR’s, the black boxes contain the coding sequence. The scale 

bars on the right represent 100bp. Primer positions for qPCR are depicted marked qF (forward) and qR (reverse). 

Primers used to detect splice variation by RT-PCR are shown at rtF (forward) and rtR (reverse). Two different 

primer sets are used to test for sex-specific (SS) and non-sex-specific (NSS) splicing. Incomplete intron lengths are 

marked by breaks in the line. 

 

Identification of sex determination genes 

Orthologs of dsx, tra2 and tra were identified in the A. tabida genomic assembly, extending this 

conserved part of sex determination genes to the superfamily of Ichneumonoidea within the 

Hymenoptera (Table 4.1). Many species of Hymenoptera possess a paralog of tra (Schmieder et 

al., 2012; Privman et al., 2013; Jia et al., 2016), but no paralogs of tra were detected in A. 
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tabida. Single homologs of tra, tra2 and dsx are present, which we will describe based on their 

position in the sex determination cascade. 

 

Sex-specific and non-sex-specific splicing of tra 

Identification of tra splice variants in adult A. tabida revealed a characteristic female and a 

characteristic male splice variant (Figure 4.1 and Figure S4.1a). The female splice variant (At-tra
F
) 

translates into an amino acid sequence contains all conserved TRA domains: the Hymenoptera 

domain (HYM), the CAM domain, an arginine-serine domain (RS-domain) and a proline-rich 

region. It is placed in the Hymenoptera phylogeny more basal to the derived Aculeata species 

(ants and bees) (Figure S4.1b). The male splice variants (At-tra
M1

, At-tra
M2

 and At-tra
M3

), on the 

other hand, contain additional exons, which change their open reading frames (ORF), resulting 

in a truncated protein with only the HYM domain present towards the 5’ start of the gene. The 

inclusion of male-specific exons is characteristic of the sex-specific splicing of tra, where the 

CAM domain is typically absent in males. 

Two additional At-tra splice variants (At-tra
NSS1

 and At-tra
NSS2

) are present in both sexes 

and thus noted as non-sex-specific (NSS) (Figure 4.1). The two At-tra
NSS

 splice variants are 

comparable, only At-tra
NSS2

 retains the last intron, close to the stop-codons in the ORF. Both 

splice variants contain a putative second CAM domain, followed by a shortened RS-rich region 

compared to the one present in At-tra
F
 (Figure 4.1). The two CAM regions (each 75bp) show 

high similarity at the amino acid level, but are more diverged on the nucleotide level (Figure 

4.2). 

 

 
    

Figure 4.2.Figure 4.2.Figure 4.2.Figure 4.2. Alignment of the two putative CAM domains of At-tra against hymenopteran, dipteran and coleopteran 

sequences. Nucleotide sequences and their relative conservation in grey scale are shown at the top with the 

amino acid sequence noted directly below. The first 31 identical nucleotides from At-tra
F
 and At-tra

NSS
 are 

transcribed from the same exon 3, from nucleotide 32 onwards the At-tra
F
 sequence has continued on exon 7 and 

the At-tra
NSS

 sequence on exon 4. 
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No alternative splicing of tra2 

A single splice form of tra2 was identified in A. tabida (Figure 4.3). At-tra2 is highly conserved 

and its translated amino acid sequence contains the characteristic RNA-binding domain (RBD) 

with a large concentration of arginine and serine amino acids on either side (Figure S4.2A and 

S4.2B). Alternative splice forms were neither detected in the two sexes nor at different stages of 

development. Many species only transcribe a single splice form of tra2 (Burghardt et al., 2005; 

Concha & Scott, 2009; Salvemini et al., 2009; Sarno et al., 2010; Schetelig et al., 2012; Liu et al., 

2015). A. mellifera (Nissen et al., 2012) and N. vitripennis (Chapter 3) do possess alternative 

splice variants of tra2, however these do not display any variation in presence across sexes and 

life stages. 

 

 

 
    

Figure 4.3.Figure 4.3.Figure 4.3.Figure 4.3. Exon-intron structure of tra2 in A. tabida. White boxes represent the 5’ and 3’ UTR’s, the black boxes 

contain the coding sequence. The RBD is plotted in grey on the exons. The scale bars on the right represent 100bp. 

Primer positions for qPCR are depicted marked qF (forward) and qR (reverse). Incomplete intron lengths are 

marked by breaks in the line. 

 

 

 
    

Figure 4.4.Figure 4.4.Figure 4.4.Figure 4.4. Exon-intron structure of the female-specific and male-specific splice variants of dsx in A. tabida. White 

boxes represent the 5’ and 3’ UTR’s, the black boxes contain the coding sequence. The scale bars on the right 

represent 100bp. Primer positions for qPCR are depicted marked qF (forward) and qR (reverse). Primers used to 

detect splice variation by RT-PCR are shown at rtF (forward) and rtR (reverse). The alternative splice variant 

present in 12-14h old embryos is noted by the grey arrow and bar in front of exon 5. Incomplete intron lengths are 

marked by breaks in the line. 
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Sex specific splicing of dsx 

The structure of AT-DSX, including the DM domain and the OD2 domain, is conserved (Figure 

S4.3a) and phylogenetically clusters with other hymenopteran DSX orthologs (Figure S4.3b). At-

dsx is sex-specifically spliced in adult A. tabida, consisting of one female-specific and one male-

specific splice form (Figure 4.4). The female splice variant includes exon 4, which results in a 

female-specific OD2 domain and a shorter translated sequence compared to the male splice 

variant which splices out exon 4, resulting in a male-specific OD2 domain. The presence of sex-

specific dsx splicing suggests functional conservation of the bottom of the sex determination 

cascade where dsx regulates sexual differentiation. 

 

Sex-specific At-tra mRNA is not maternally provided
 

At-tra
F
 and At-tra

M
 mRNA are absent in 0-2h old embryos (Figure 4.5a, measured combined as 

At-tra
SS

), indicating that the mother does not provide sex-specific tra (At-tra
SS

) mRNA to her 

offspring. At 12-14 hours of development expression of At-tra
M

 has started in unfertilized (male) 

embryos (Figure 4.5a and 4.6a). At this point, no splice variant can be detected in the fertilized 

eggs using this set of primers (Figure 4.6), however expression levels are equal to that of the 

unfertilized embryos (Figure 4.5). The RT-PCR splicing results fluctuate in 12-14h old embryos as 

zygotic transcription is just starting and split between all four At-tra
SS

 splice variants (At-tra
F
, At-

tra
M1

, At-tra
M2

 and At-tra
M3)

, whereas the qPCR that amplifies the common region of the At-tra
SS

 

splice variants is more sensitive. Amplicons obtained in 12-14h old embryos with a range of At-

tra
SS

 or At-tra
M

 specific primers are shown in Supplementary figure 4.4. After the start of zygotic 

At-tra
SS

 transcription higher levels of At-tra
SS

 mRNA are present across female embryonic 

development (Z=2.48, p=0.013). 

At 24-26 hours At-tra
F
 splicing has initiated in fertilized eggs (Figure 4.6). At-tra

F
 is not 

present at any point in the development of unfertilized eggs (Figure 4.6) and the relative mRNA 

levels shown in Figure 4.4a for unfertilized eggs consist solely of At-tra
M

 transcripts. The At-tra
SS

 

expression of fertilized eggs shows a similar pattern (Figure 4.5a), but here the transcripts 

consists mostly, but not exclusively, of At-tra
F 
mRNA. Both haploid male (from unfertilized eggs) 

and diploid female (from fertilized eggs) development peaks in its sex-specific tra expression 

after 48-52 hours of development (Figure 4.5a). The peak of expression in unfertilized eggs 

would be surprising in systems with maternal provision of tra
F
, as only the female specific splice 

variant of tra is expected to undergo autoregulation. This is the case in N. vitripennis where tra 

expression peaks at the start of zygotic transcription in fertilized eggs only (Verhulst et al., 

2010a). 

Expression of At-tra
NSS

 variants does not only occur in adults but is also observed in 

embryos of all developmental stages and in both sexes (Figure 4.5b and Figure 4.6). These 

variants are present in embryos less than 2 hours of age, indicating that the mother provides 

these mRNAs to her eggs. The expression of the combined At-tra
NSS

 variants follows a pattern 

similar to the At-tra
SS 

expression in the later stages of development (Figure 4.5b). The relative 
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levels of At-tra
NSS

 mRNA do not differ between female and male embryonic development (F(1, 

57)=1.2975, p=0.26). 

 

 

Figure 4.5.Figure 4.5.Figure 4.5.Figure 4.5. Relative expression of sex determination genes during development of diploid female (fertilized eggs) 

and haploid male (unfertilized eggs) offspring. Note that the RNA pool of diploid embryos also contains haploids as 

mated females lay a mixture of fertilized and unfertilized eggs. Relative mRNA levels of (a) combined At-tra
SS

 

female and male splice variants, (b) combined At-tra
NSS 

splice variants, (c) At-tra2 and (d) At-dsx. Error-bars in all 

figures display the standard error per category. 

 

Maternal provision of At-tra2 

At-tra2 mRNA is maternally provided to embryos (Figure 4.5c). It remains present in all stages of 

both male and female development and shows no peak of mRNA levels. At-tra2 shows more 

fluctuation in males and is overall higher expressed during male development than during 

female development (F(1, 52)=19.592, p<0.005). 

 

Expression of At-dsx during development 

Low At-dsx mRNA levels are visible in the earliest stages of development (Figure 4.5d), indicating 

maternal provision. This is not visible on the RT-PCR gels (Figure 4.6), but this presumptive 

absence of bands may be a technical artifact as At-dsx is split into three splice variants each of 
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low abundance. The third splice variant of At-dsx is a slight modification of the At-dsx
M

 (Figure 

4.4) and is only observed in some samples of both haploid and diploid embryos at the 12-14h 

time point. This At-dsx
12h

 transcript has a small 54bp addition at the 5’end of exon 5 and this 

leads to a shortened ORF. At 12-14h the At-dsx
F
 splice variant is not yet present in diploid eggs. 

Only after sufficient At-tra
F
 is present, At-dsx is spliced into the female mode at 24-26h of 

development (Figure 4.6). 

After 12-14h the haploid embryos exclusively display the male-specific splice variant of 

At-dsx (Figure 4.6) and this splicing pattern continues in adult samples. However, in diploid 

embryos and in adult females, a mixture of At-dsx
F 
and At-dsx

M
 is present in all stages after 12-

14h. This pattern of dsx
M

 leakage in females matches the patterns observed in A. mellifera and 

N. vitripennis, where the females are the sex containing both splice variants (Verhulst et al., 

2010a; Nissen et al., 2012) (Chapter 4). This is consistent with male development as the default 

state of the sex determination cascade. 

 

 

 

 
    

Figure 4.6.Figure 4.6.Figure 4.6.Figure 4.6. Splice variants of At-tra and At-dsx during development. Splicing of At-tra is depicted in diploid female 

(fertilized eggs) and haploid male (unfertilized eggs) offspring depicted for splice variants At-tra
F
/At-tra

M
 (a) and 

At-tra
NSS

 (b). Splicing of At-dsx in diploid female (fertilized eggs) and haploid male (unfertilized eggs) offspring is 

shown in (c). Adults of A. tabida are included for female and male splicing patterns. D. melanogaster larvae and no 

template reactions are included as negative controls. 
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DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION    

Conservation of the sex determination cascade in A. tabida 

The key insect sex determination genes tra, tra2 and dsx are conserved in A. tabida. Though the 

sequence of At-tra is strongly diverged, its role in the sex determination cascade appears 

conserved, signified by its sex-specific splicing patterns appearing at 12-14h of development 

followed by the activation of sex-specific splicing in At-dsx at 24-26h. AT-TRA
F
 possesses all 

known domains, including the HYM domain. This suggests that the HYM domain, previously 

documented in the derived Aculeata and N. vitripennis (Verhulst et al., 2010b) (plotted in Figure 

S4.1a), is conserved in all Hymenoptera. TRA2 displays the distinctive lack of sex-specific splicing 

and shows strong conservation of the RBD with flanking RS regions. The structure of DSX is 

similarly conserved with the presence of the OD2 domain. This suggests that the central axis of 

tra-dsx and start of sexual differentiation are highly conserved in the A. tabida sex 

determination cascade, even though At-tra regulation appears to deviate from the known insect 

mechanisms. 

 

Regulation of female-specific tra and dsx 

From the 24h developmental stage onwards, a peak of female-specific At-tra expression appears 

in diploid, fertilized eggs and At-tra splices into the female mode. In haploid embryos from 

unfertilized eggs, At-tra
SS

 expression peaks around 48h (Figure 4.5a) but the male splice variant 

is already detectable from 12h onwards (Figure 4.6). It has to be noted that expression patterns 

in fertilized eggs are less pronounced, because of the experimentally unavoidable inclusion of 

unfertilized male embryos (i.e. under our experimental set-up mated females lay 38% 

unfertilized and 62% fertilized eggs). Downstream of At-tra, At-dsx is spliced into sex-specific 

variants, consistent with its conserved role in insect sex determination. As At-dsx is not spliced 

into the female-specific variant before At-tra
F
 is present, it appears that as in all other studied 

insects, AT-TRA regulates At-dsx splicing. 

Tra2 is present in early embryos, similar to its early expression in A. mellifera (Nissen et al., 

2012) and N. vitripennis (Chapter 4). The potential complex with the female specific TRA protein 

can however only be formed at a later stage in development, when At-traF is actively 

transcribed in the zygote. Non-sex specific At-tra
NSS

 is present prior to zygotic transcription and 

most likely maternally provided, but it is not yet known whether TRA
NSS

 products could form a 

complex with TRA2, or if only female-specific TRA is involved in this interaction in A. tabida. 

 

Functionality of alternative tra splice variants 

The presence of multiple putative CAM domains in At-tra could have its origin in a 

recombination event with a subsequently lost copy of tra. If any signal of such a duplication 

remains it must be a very degenerate pseudogene, as no remaining sequence of this paralog can 

be detected in the genomic assembly. Duplications of tra occur widely in Apoidea and Vespoidea 
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(Schmieder et al., 2012; Privman et al., 2013), and appear to be rapidly gained and lost (Koch et 

al., 2014). Tra duplications seem a specific feature of the Hymenoptera, as these paralogs have 

thus far not been identified in other insect orders (Geuverink & Beukeboom, 2014). The 

functional significance of these extra tra copies is unclear, except for the honey bee, in which 

the tra paralog, csd, has opted a sex determination function. Additional pseudogenes have also 

been found in five of the species that also possess tra paralogs (Koch et al., 2014). The 

alternative CAM domain present in the At-tra
NSS

 transcripts is shorter than the CAM domain in 

At-tra
F
, and is also followed by a shorter arginine-serine rich region and an absence of a proline 

rich region. It is unknown whether these At-tra
NSS

 splice variants in A. tabida, which have not 

been detected in species outside the Asobara genus (Chapter 6), could have a similar 

functionality in starting autoregulation as female-specific tra in other species. Additionally, non-

sex-specific patterning and high expression in each developmental stage may indicate a role in 

overall development of the embryo and thus represent a neo-functionalization. Its provision to 

early embryos might also point to a role as splicing factor in starting the female-specific sex 

determination cascade. This would however only constitute as a part of such a mechanism, as 

At-tra
NSS

 is provided to both fertilized and unfertilized eggs. It would require an activator on the 

paternal chromosome set to start the female developmental pathway in fertilized diploid eggs. 

 

 

 
    

Figure 4.7.Figure 4.7.Figure 4.7.Figure 4.7. Characteristics of the sex determination mechanism in Nasonia vitripennis, Apis mellifera and Asobara 

tabida. Male haploid development is plotted on the left side of each box and female diploid development on the 

right side. 
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Absence of traF maternal provision 

As no maternal At-tra
F 
mRNA is provided to the eggs, a yet unidentified factor must be invoked 

to initiate the tra autoregulatory loop. This resembles the start of the A. mellifera sex 

determination cascade where csd initiates the female specific splicing of fem (tra), which then 

maintains its own female specific splicing. A. mellifera mothers do not provide fem
F
 mRNA to 

their offspring and zygotic transcription of fem
F
 is only detected after 24 hours of development 

(Gempe et al., 2009). However, A. tabida does not contain a CSD mechanism (Beukeboom et al., 

2000; Ma et al., 2013) and lacks any paralogs of tra, thus the unidentified activator is part of a 

different type of mechanism. 

 

Variation of sex determination mechanisms in Hymenoptera 

The sex determination mechanism of A. tabida shows considerable differences with that of N. 

vitripennis and A. mellifera (Figure 4.7), in that it respectively lacks maternal provision of female-

specific tra and tra paralogs. This is consistent with the fast evolution of sex determination 

mechanisms and their underlying cascade of genes, even within insect orders. A. tabida does 

not determine sex by a CSD mechanism and the absence of a tra paralog is consistent with a 

non-CSD system. The mechanism of A. tabida could work similar to N. vitripennis, but apparently 

would function without maternal provision of female-specific tra mRNA. The N. vitripennis 

MEGISD mechanism consists of maternal provision of female-specific tra mRNA and activation of 

tra expression by a maternal imprinting or paternal signal to initiate and maintain tra 

autoregulation. As mentioned, we did not detect any female-specific mRNA provision of any sex 

determination gene. At-tra
NSS

 and At-tra2 mRNA are provided by the mother to the embryos, 

but these transcripts are not distinct female splice variants. At-tra2 is highly conserved and its 

maternal provision would suggest conservation of the canonical TRA/TRA2 complex. The 

translation of the At-tra
NSS 

transcripts leads to peptides with similar domains (CAM-like domain 

followed by a short arginine-serine rich region) to the female-specific TRA isoform. This could 

suggest an interaction between AT-TRA
NSS 

and AT-TRA2, possibly leading to the activation of the 

zygotic female pathway. This activation would however need to contain a sex specific activation 

step, which we have not identified here and the mechanism that initiates At-tra autoregulation 

in fertilized eggs only is therefore unclear. Initially, At-dsx mRNA seems to be spliced in the male 

mode in both fertilized and unfertilized embryos at 12-14h of development. At this time point 

both At-tra
NSS

 and At-tra2 mRNA are already present as a result of the maternal provision, but 

apparently not capable of directly activating At-tra
F
 splicing, which is required for At-dsx

F
 

splicing. Female At-tra splicing is clearly present at 24-26h, which coincides with At-dsx 

switching to female-specific splicing in diploid embryos. This suggests that a certain threshold of 

At-tra mRNA is required before the female sex determination cascade can be activated. The 

function of the abundant maternal provision of non-sex specific tra mRNA, and the putative 

duplicate CAM domain in these splice variants are currently unclear and further study is 

required to determine their role in the functioning of sex determination in A. tabida. Functional 
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studies of the At-tra
NSS

 splice variants may provide the next important clue regarding the 

underlying sex determination mechanism, which deviates from thus far identified mechanisms. 

The absence of maternally provided At-tra
F
 signifies an important distinction between the 

MEGISD system of N. vitripennis and a possible MEGISD-like system in A. tabida. The differences 

in mechanism between the three thus far examined species illustrate the wide radiation of sex 

determination mechanisms in the haplodiploid Hymenoptera. 
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Supplementary figuresSupplementary figuresSupplementary figuresSupplementary figures    

    

Figure SFigure SFigure SFigure S4.4.4.4.1.1.1.1. a.) Alignment of TRA female-specific amino acid sequences. Conservation of sites is shown in grey 

scale. b.) Gene tree of female-specific TRA using all sites by Maximum Likelihood method based on the Jones et al. 

w/freq. model (Jones et al., 1992). Bootstrap values (1000 replicates) are shown on the branches. The scale bar 

shows the number of substitutions per site. 

Figure SFigure SFigure SFigure S4.4.4.4.2.2.2.2. a.) Alignment of TRA2 amino acid sequences. Conservation of sites is shown in grey scale. b.) Gene 

tree of TRA2 using all sites by Maximum Likelihood method based on the Le Gascuel 2008 model (Le & Gascuel, 

2008). Bootstrap values (1000 replicates) are shown on the branches. The scale bar shows the number of 

substitutions per site. 

Figure SFigure SFigure SFigure S4.4.4.4.3.3.3.3. a) Alignment of DSX female-specific amino acid sequences. Conservation of sites is shown in grey 

scale. b.) Gene tree of female-specific DSX using all sites by Maximum Likelihood method based on the JTT matrix-

based model (Jones et al., 1992). Bootstrap values (1000 replicates) are shown on the branches. The scale bar 

shows the number of substitutions per site. 

Figure SFigure SFigure SFigure S4.4.4.4.4.4.4.4. Splice variants of At-tra in 12-14h old fertilized and unfertilized eggs. 
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Figure SFigure SFigure SFigure S4.14.14.14.1aaaa    
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Figure SFigure SFigure SFigure S4.14.14.14.1bbbb    
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Figure SFigure SFigure SFigure S4.24.24.24.2aaaa    
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Figure SFigure SFigure SFigure S4.24.24.24.2bbbb    
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Figure S4.3Figure S4.3Figure S4.3Figure S4.3aaaa    
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Figure SFigure SFigure SFigure S4.34.34.34.3bbbb    

 

 
    

Figure SFigure SFigure SFigure S4.4.4.4.4444 
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ABSTRACTABSTRACTABSTRACTABSTRACT    

A transformer (tra) ortholog (Lc-tra) and a tra paralog (Lc-traB) were identified in the genome of 

Leptopilina clavipes (Hymenoptera: Cynipidae). Compared to Lc-tra, Lc-traB lacks the region 

coding for male-specific exons and is not sex-specifically spliced. Two types of reproduction 

occur in L. clavipes, arrhenotoky and Wolbachia-induced thelytoky. Wolbachia-infected females 

do not produce male offspring; instead females develop from unfertilized diploid eggs. 

Thelytokous females provide female-specific Lc-tra to their eggs, but arrhenotokous females do 

not. In contrast, Lc-traB is maternally provided to the embryo in both arrhenotokous and 

thelytokous L. clavipes. Regulation of Lc-tra splicing differs however between the reproductive 

modes. In arrhenotokous adult females, both the female and male splice form of Lc-tra are 

present in comparable amounts, whereas female-specific splice forms predominate in 

thelytokous females. Thelytokous females that are cured of Wolbachia infection produce male 

offspring with male-specific Lc-tra splicing. Apparently, in unfertilized thelytokous eggs female-

specific splicing of Lc-tra is effectuated by Wolbachia manipulation of the female developmental 

pathway. 
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    

All Hymenoptera are haplodiploid and do not possess heteromorphic sex chromosomes. Their 

mode of sexual reproduction is arrhenotoky, i.e. haploid males develop parthenogenetically 

from unfertilized eggs and diploid females from fertilized eggs. A large number of species can 

produce diploid females from unfertilized eggs parthenogenetically. This reproduction mode is 

called thelytoky. Thelytoky can be caused by infection with endosymbionts, but also by nuclear 

factors (Stouthamer, 1997; Lattorff et al., 2005; Sandrock & Vorburger, 2011). In the cynipid 

wasp L. clavipes both arrhenotokous and Wolbachia-infected thelytokous populations exist, 

which are geographically separated (Pannebakker et al., 2004c; Kraaijeveld et al., 2011). The 

cytological mechanism of thelytokous reproduction is gamete duplication, i.e. diploidy of the egg 

is restored by failure of the first mitotic anaphase division (Pannebakker et al., 2004b). This 

mitotic aberration results in identical chromosome pairs and thus complete homozygosity. The 

fact that such homozygous diploids develop as females if Wolbachia is present, argues against a 

mechanism of sex determination that involves complementarity of sex alleles (complementary 

sex determination, CSD (Whiting, 1939, 1943; Cook, 1993)). Under CSD, homo- or hemizygosity 

at one or more sex loci results in male development. Absence of single locus CSD (sl-CSD) is 

consistent with no increased sex ratio or male mortality in arrhenotokous strains under 

inbreeding conditions in the lab (personal observations K. Kraaijeveld). Thelytoky, resulting in 

homozygous female individuals, would however be possible if the arrhenotokous CSD signal of 

sex determination can be subverted and become obsolete. 

The manipulation of host reproduction by endosymbiotic bacteria, such as Wolbachia 

and Cardinium, is widespread in arthropods (O’Neill et al., 1997). These endosymbionts, of 

which Wolbachia is the most common with a presence in 40% of all terrestrial arthropods (Zug 

& Hammerstein, 2012), can cause cytoplasmic (egg-sperm) incompatibility, male progeny killing, 

feminization of genetic males and parthenogenetic (all-female) reproduction. The bacteria live 

intracellularly and are vertically transmitted through egg cytoplasm, but not through sperm. 

Therefore, bacterial traits that favour female production of their host are under positive 

selection. Parthenogenesis-inducing endosymbionts achieve the maximal induction of female 

bias by removing the need for fertilization. Infected female hosts produce only daughters that in 

turn all transmit the endosymbionts to their daughters (Werren et al., 2008). 

The mode of reproduction and mode of sex determination in Hymenoptera are tightly 

connected. Endosymbionts can manipulate ploidy level through a variety of mechanisms and 

can also cause feminization separate from a ploidy change (Stouthamer, 1997; Giorgini et al., 

2009). Hypothetically diploidization of the haploid egg may be sufficient for the endosymbiont 

to ensure female development, if femaleness is a direct consequence of diploidy. However, for 

the parasitoid Asobara japonica (Ma et al., 2015) reported evidence for a two-step mechanism 

consisting of diploidization and feminization. The diploidization itself did not start female 

development and a higher quantity of Wolbachia was needed to overrule the sex determination 

mechanism, i.e. change diploid males into females. Whether a change from haploidy to diploidy 
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ensures female development depends on how the ploidy level is processed in the sex 

determination mechanism. It is not known whether a two-step mechanism of diploidization and 

feminization is also present in L. clavipes. 

Despite a fast evolving genetic sex determination cascade, most insect species have 

functionally conserved the gene transformer (tra) as the transducer of the primary signal. 

Nevertheless, tra displays high interspecific sequence divergence (Verhulst et al., 2010b). Tra is 

considered to be ancestral to the holometabolous insects based on the presence of specific 

sequences that are conserved among insect orders (Verhulst et al., 2010b; Geuverink & 

Beukeboom, 2014). In the order of the Hymenoptera, tra has been found in nearly all families 

(except in Athalia rosae representing the basal lineage of Tenthredoidea (i5K Athalia genome 

project, unpublished data)). In addition, paralogs have been identified in multiple branches of 

the Aculeata (Schmieder et al., 2012; Privman et al., 2013; Koch et al., 2014). A sex-determining 

function of a tra paralog has thus far only been documented in Apis mellifera, where it has been 

identified as the complementary sex determining locus (csd) (Beye et al., 2003; Hasselmann et 

al., 2008a). Tra paralogs have been found predominantly in families that have tested positive for 

CSD, but a recent study has demonstrated their presence in a suggested non-CSD clade (Jia et 

al., 2016). 

In the present study we use the polymorphic reproductive system of L. clavipes 

(Pannebakker et al., 2004c; Kraaijeveld et al., 2011) to elucidate the sex determination 

mechanism of arrhenotokous and thelytokous wasps. We report the identification of tra 

homologs from the sequenced genome of L. clavipes. Expression patterns of these homologs are 

analyzed in arrhenotokous and thelytokous eggs and adults. Next, expression is monitored in 

thelytokous individuals that are cured from Wolbachia infection by antibiotic treatment. This will 

inform us on the manipulation performed by Wolbachia to induce thelytoky and provide clues at 

which level of the sex determination cascade this occurs. 

    

MATERIAL AND METHODSMATERIAL AND METHODSMATERIAL AND METHODSMATERIAL AND METHODS    

Identification of tra homologs 

Scaffolds containing putative tra homologs were identified from the genomic assembly of strain 

GBW (Kraaijeveld et al., 2016) using the protein sequence of N. vitripennis tra (NP_001128299) 

as a query in translated BLAST (tblastn) (Altschul et al., 1997). Adult males and females of the 

arrhenotokous strain (EPG) and adult females of the thelytokous strain (GBW) were collected 

from laboratory cultures. The EPG strain was collected in Calzone (Spain) in 2005 (Kraaijeveld et 

al., 2011) and the GBW strain originated from Wolfheze (The Netherlands) in 2000 

(Pannebakker et al., 2004c). RNA extractions were performed according to manufacturer’s 

protocol with TriZol (Invitrogen, Carlsbad, California, USA). All isolated total RNA was primed 

with oligo(dT) and random hexamers (in a mixture of 1:6) and reverse-transcribed with the 

RevertAid
TM

 H Minus First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA). Reverse 

transcription for 3’RACE adapter synthesis was performed with the RevertAid
TM

 H Minus First 
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Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA) using all isolated total RNA primed 

with 3’RACE adapter (5'-GCG AGC ACA GAA TTA ATA CGA CTC ACT ATA GGT 12VN-3'). 5’RACE 

adapter containing cDNA was produced according to manufacturer’s instructions (FirstChoice 

RLM-RACE kit, Ambion, Austin, TX, USA). To assess the Lc-tra splice variants present in adult 

males and females 5’RACE-PCR was performed with outer primer Lcla_tra_5RACE1 (5’-

ATTGACAAGAGAAGAGAAGC-3’) and inner primer Lcla_tra_5RACE2 (5’-

CCAGATATGTTTCGGTGAAT-3’) in a reaction at 94°C for 3 minutes, 40 cycles of 94°C for 30 

seconds, 54°C for 30 seconds and 72°C for 60 seconds, with a final extension of 10 minutes at 

72°C. Outer primer Lcla_tra_3RACE1 (5’-TGAACCTTTGTTTCGTGGAC-3’) and inner primer 

Lcla_tra_3RACE2 (5’-AACATATCTGGACCCGTCGA-3’) were used in 3’RACE-PCR in a reaction with 

DreamTaq (Fermentas, Hanover, MD, USA). Cycling conditions were at 94°C for 3 minutes, 35 

cycles of 94°C for 30 seconds, 59°C for 30 seconds and 72°C for 2 minutes, with a final extension 

of 7 minutes at 72°C. Resulting PCR fragments were run and visualized on ethidiumbromide-

containing 1.5% agarose gel with 1xTAE buffer. 

All RACE-PCR products were ligated into pGEM-T vector (Promega, Madison, WI, USA) 

after purification using GeneJET Gel Purification Kit (Fermentas, Hanover, MD, USA). Ligation 

reactions were used to transform competent JM-109 Escherichia coli (Promega, Madison, WI, 

USA). Colony-PCR was conducted by use of pGEM-T primers (5’-GTAAAACGACGGCCAGT-3’) and 

(5’-GGAAACAGCTATGACCATG-3’) at 94°C for 3 minutes, 40 cycles of 94°C for 30 seconds, 55°C 

for 30 seconds and 72°C for 2 minutes, with a final extension of 7 minutes at 72°C. 

The lowered specificity of RACE-PCRs (one gene-specific primer per PCR) rarely 

permitted the detection of Lc-traB thus Reverse Transcription (RT-)PCRs were used to detect 

splice variation in this gene. These PCRs were performed with primers Lcla_traB_frontF (5’-

GAGACAAGAGAAAAGAAGC-3’) and Lcla_traAB_endR (5’-TGGATTCATGTATCTAGGTGGA-3’) in a 

reaction at 94°C for 3 minutes, 40 cycles of 94°C for 30 seconds, 55°C for 30 seconds and 72°C 

for 2 minutes, with a final extension of 7 minutes at 72°C. 

PCR-fragments were sequenced on an ABI 3730XL (Applied Biosystems) and reads 

were inspected in Chromas (Technelysium) and aligned in MEGA4 (Tamura et al., 2007). Exon-

intron structure of the genes was constructed by comparing the mRNA sequences to the PacBio 

assembly scaffolds (Lc-tra: scf7180005166757, Lc-traB: scf7180005164248) and visualized with 

Exon-Intron Graphic Maker (http://wormweb.org/exonintron). 

 

Phylogeny and haplotype construction 

The following sequences were used in alignments and phylogenetic analyses: Apis mellifera fem 

(AAS86667) and csd (AAS86653), Apis dorsata fem (ABV56232) and csd (ABW36165), Apis 

cerana fem (ABV56230) and csd (ABV58877), Bombus terrestris traA (NP_001267853) and traB 

(XP_003394693), Bombus impatiens traA (XP_003493796) and traB (XP_003491525), Nasonia 

vitripennis tra (NP_001128299). Ant protein sequences were obtained from (Privman et al., 

2013) supplementary materials. The L. clavipes TRA amino acid sequence was blasted 
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(translated blast, (Altschul et al., 1997)) against transcriptome shotgun assemblies of Leptopilina 

heterotoma and Leptopilina boulardi (Goecks et al., 2013). Fragments of L. heterotoma tra 

(GAJC01007654) and traB (GAJC01007653 and GAJC01007652) and L. boulardi tra 

(GAJA01009508) were obtained from PRJNA202370 and PRJNA202369. A neighbour-joining tree 

was constructed in MEGA4 (Tamura et al., 2007) and alignments were produced in CLC 

workbench (CLCbio, Aarhus, Denmark). 

DNA extractions were performed with a standard high salt protocol (Aljanabi & 

Martinez, 1997). To assess variation in the tra genes between different populations of L. clavipes 

5 females per strain were individually used for DNA extraction obtained from frozen samples of 

12 thelytokous strains (AR1, AR2a, AR3a, Aust, BB1, CDB1a, GBW, KBH, MGS, STP, WB1a, WB3) 

and 9 arrhenotokous strains (CBY, DC, EJ, EPG, Mol, MS, PdA, PlB, TL) as described in 

(Pannebakker et al., 2004c; Kraaijeveld et al., 2011). Population variation was tested with primer 

Lcla_traAB_F (5’-GTCCATCATTCAGAGACAGAC-3’) in combination with Lcla_traA_R (5’-

AGGTCATTATTTATATCGACGG-3’) and Lcla_traB_R (5’-AGGTCATTATTTACAATGATGG-3’). 

Reaction conditions were 94°C for 3 minutes, 35 cycles of 94°C for 30 seconds, 55°C for 30 

seconds and 72°C for 45 seconds, with a final extension of 7 minutes at 72°C. Fragments were 

sequenced, inspected in Chromas (Technelysium) and aligned in MEGA4 (Tamura et al., 2007). A 

median-joining haplotype network was constructed with PopART (http://popart.otago.ac.nz). 

 

Lc-tra splicing in arrhenotokous and thelytokous individuals 

Adults of an arrhenotokous strain (ATL) and adult females of a thelytokous strain (KBH) were 

collected from lab cultures. The ATL strain was collected in 2011 in Atlanta (USA) 

(http://people.reed.edu/~schlenkt/resources.html) and the KBH strain in ‘s-Heerenberg (The 

Netherlands) in 2000 (Pannebakker et al., 2004c). The subsequent experiments were performed 

on these strains as all other L. clavipes lab cultures had been discontinued prior to this project. 

Females of the thelytokous strain KBH were cured from their Wolbachia infection by feeding 

honey with 0.5% rifampicin; this results in haploid eggs that develop into males (referred to as 

“thelytokous males”, (Schidlo et al., 2002)). Females were allowed to parasitize second instar 

Drosophila subobscura larvae for a period of 4 hours. 10 parasitized Drosophila larvae containing 

L. clavipes embryos were collected per sample (4 samples for thelytokous and 4 samples for 

mated arrhenotokous wasps) for use in RNA extractions. RNA extractions of embryos 

(parasitized Drosophila) and adults were performed according to manufacturer’s protocol with 

TriZol (Invitrogen, Carlsbad, California, USA). All isolated total RNA was primed with oligo(dT) 

and random hexamers (in a mixture of 1:6) and reverse-transcribed with the RevertAid
TM

 H 

Minus First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA).  

The presence of sex-specific splice variants of Lc-tra in arrhenotokous males and 

females and thelytokous males and females was tested with primers Lcla_tra_spliceA_F (5’-

CAGTCAGAGACAGACGATCC-3’) and Lcla_tra_spliceA_R (5’-TACTTCTCGATGTTCACCTTCC-3’) 

TACTTCTCGATGTTCACCTTCC. Presence of Lc-traB was detected with primers Lcla_traBspecificF 
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(5’-CAAGCAGAAGCAAAGATAGAACCA-3’) and Lcla_traBspecificR (5’-

TTACTTCGTCGTTGACTTCTCCA-3’). The cycling-conditions were 94°C for 3 minutes, 45 cycles of 

94°C for 30 seconds, 55°C for 30 seconds and 72°C for 2 minutes, with a final extension of 7 

minutes at 72°C. Resulting fragments of each category were sequenced to verify their identity as 

Lc-tra male- and female-specific splice variants and Lc-traB. Amplification of Lc-tra
M

 transcripts 

in adults was performed with primers Lcla_tra_exon3F (5’-TGAACCTTTGTTTCGTGGAC-3’) and 

Lcla_tra_MR (5’-TCTAGTTTCCTCATCTTTCG-3’) at 94°C for 3 minutes, 40 cycles of 94°C for 30 

seconds, 54°C for 30 seconds and 72°C for 30 seconds, with a final extension of 7 minutes at 

72°C. 

    

RESULTSRESULTSRESULTSRESULTS    

Structure of tra in L. clavipes 

Two homologous sequences of transformer were found in L. clavipes, located on two separate 

genomic scaffolds. The two homologs are present in both arrhenotokous and thelytokous 

strains. Although the loci have distinctly different genomic structure (Figure 5.1), they code for 

similar mRNA sequences. Lc-tra has sex-specific splice variants, which match those of known 

transformer genes with a function in sex determination. The female splice variant of Lc-tra (Lc-

tra
F
) contains all known functional domains of hymenopteran transformers: the Hymenoptera 

domain, the CAM domain, an arginine/serine-rich region and a proline-rich region (Figure 5.2). 

The predominant male-specific splice variant (Lc-tra
M1

) results in a premature STOP-codon 

shortly after the Hymenoptera domain. Another, less abundant male specific splice variant Lc-

tra
M2

 contains a STOP-codon at the same position, but merges the sixth and seventh exon 

(Figure 5.2). 

 

 
    

Figure 5.1.Figure 5.1.Figure 5.1.Figure 5.1. Conservation of the genomic structure of Lc-tra and Lc-traB. The black lines show the pairwise 

alignment of Lc-tra and Lc-traB with the grey block-arrows representing the exons (in case of Lc-tra this shows the 

female splice variant) and the black block-arrows representing the male-specific exons of Lc-tra. The numbers at 

the right show the length of the genomic Lc-tra regions. The 3’UTR region of Lc-traB at the bottom right corner 

has not been identified. Two genomic regions are not present in Lc-traB. The first consists of the male-specific 

exons in Lc-tra, the second matches a Lc-tra region without exons. 

 

In contrast to Lc-tra, Lc-traB is not differentially spliced and the locus lacks the male specific 

exon sequences and some intronic sequences. The single splice variant of Lc-traB contains an 

ORF which closely matches the female-specific splice variant of Lc-tra. The conserved domains  
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Figure 5.2.Figure 5.2.Figure 5.2.Figure 5.2. Exon-intron structure of the female-specific and male-specific splice variants of Lc-tra and the non-

specific splice variant of Lc-traB. White boxes represent the 5’ and 3’UTR’s, the black boxes contain the coding 

sequence. Grey boxes depict the Hymenoptera specific domain (HYM) and the putative autoregulatory region 

(CAM). The alternative splice form of Lc-tra
M

 is indicated by the vertical dotted lines connecting the sixth and 

seventh exon. The scale bars at the right represent 100bp. 

 

of transformer are present in the Lc-traB homolog (Hymenoptera domain and CAM domain 

plotted in figure 5.2). This transcript is present in both males and females. The most conserved 

domain of transformer, a putative autoregulatory region referred to as CAM-domain, displays 

strong divergence in Lc-traB (Figure 5.3). Based on these results, we conclude that Lc-tra is the 

Leptopilina transformer ortholog and Lc-traB a paralog of Lc-tra. 

 

Conservation of tra in the Leptopilina genus 

The two tra homologs of L. clavipes are more similar to each other than to any other 

hymenopteran tra homolog (Figure 5.4). This matches a pattern observed in bumblebees and 

ants (Schmieder et al., 2012; Privman et al., 2013; Koch et al., 2014). The tra homolog in the 

honeybee species (A. mellifera, A. cerana, A. dorsata) is called feminizer (fem) and is duplicated. 

This paralog contains a hypervariable region and was identified as the complementary sex 

determiner (csd) locus (Hasselmann et al., 2008b). The hypervariable region is not present in tra 

paralogs of bumblebees and ants, and also does not appear in either of the L. clavipes tra 

duplicates.  
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Figure 5.Figure 5.Figure 5.Figure 5.3333.... Alignment of the CAM domain (putative autoregulatory region) among Hymenoptera. The first 10 

amino acids of TRA orthologs are present in both males and females, the latter 15 amino acids are only translated 

from the female-specific splice variant. CSD and TRAB contain a full CAM domain in both sexes. Amel = Apis 

mellifera, Bter = Bombus terrestris, Aech = Acromyrmex echinatior, Acep = Atta cephalotus, Pbar = Pogonomyrmex 

barbatus, Cflo = Camponotus floridanus, Nvit = Nasonia vitripennis, Lhet = Leptopilina heterotoma, Lbou = 

Leptopilina boulardi and Lcla = Leptopilina clavipes. TRA of L. heterotoma is excluded because the contig only 

contains the gene up to the CAM domain. 

 

Two tra homologs are detected in L. heterotoma, while only one fragment was 

retrieved from the L. boulardi dataset, which is similar to the Lc-tra CAM domain (Figure 5.3). 

The missing duplicate in L. boulardi is likely an artifact of the dataset, based on transcripts of 

abdomens only (Goecks et al., 2013). The tra sequence of L. heterotoma is fragmentary and 

does not cover the CAM region depicted in Figure 5.4. The available fragments of tra and traB in 

L. heterotoma cluster together similar to the L. clavipes within-species conservation (Figure 5.4). 

 

Divergence of tra and traB in thelytokous and arrhenotokous L. clavipes  

Fragments of the two tra homologs were sequenced for a range of arrhenotokous and 

thelytokous L. clavipes strains, used priorly for genetic diversity assays (Pannebakker et al., 

2004c; Kraaijeveld et al., 2011). A coding region upstream of the sex-specifically spliced exons in 

Lc-tra, containing 2 non sex-specific exons separated by an intron, was amplified in both 

arrhenotokous and thelytokous individuals. 33 SNPs and a 3bp deletion separate the two tra 

copies (Figure 5.5). The strains were screened for intra-strain variation of Lc-tra or Lc-traB, but 

none was detected which might in the arrhenotokous strains be due to bottlenecks during the 

prolonged laboratory culturing. The nucleotide polymorphisms in the two tra copies were used 

to assess the genetic divergence between the strains. As is shown in figure 5.5 Lc-tra 
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Figure 5.Figure 5.Figure 5.Figure 5.4444.... Gene tree of TRA/FEM and duplications TRAB/CSD in Hymenoptera. The analysis is based on predicted 

protein sequences of the female splice variants (including putative autoregulatory CAM domain, arginine/serine-

rich region and protein-rich region). The tree is inferred with the Maximum Likelihood method based on the Jones 

et al. w/freq. model (Jones et al., 1992) with 1000 bootstraps. The scale bar shows the number of substitutions per 

site. Amel = Apis mellifera, Ador = Apis dorsata, Acer = Apis cerana, Bter = Bombus terrestris, Bimp = Bombus 

impatiens, Cflo = Camponotus floridanus, Pbar = Pogonomyrmex barbatus, Aech = Acromyrmex echinatior, Acep = 

Atta cephalotus, Nvit = Nasonia vitripennis, Lhet = Leptopilina heterotoma, Lbou = Leptopilina boulardi and Lcla = 

Leptopilina clavipes. CSD absence or presence is noted on the right. 

 

polymorphisms between strains are resolved into one cluster of arrhenotokous and one cluster  

of thelytokous variants, with the exception of KBH (which is also an outlier in (Kraaijeveld et al., 

2011)). The arrhenotokous and thelytokous Lc-tra haplotype are separated by a single non-

synonymous SNP. The separation in an arrhenotokous and a thelytokous haplotype is not found 

for Lc-traB, where 3 haplotypes are detected (Figure 5.5). The arrhenotokous populations, 

except EPG, share the same haplotype of Lc-traB. The thelytokous strains are divided into two 

clusters with 2 non-synonymous and 1 synonymous SNP separating their Lc-traB haplotypes. 

Notably, the Lc-traB haplotype also present in one arrhenotokous population (EPG) contains a 

longer intron, that differs from the length of the Lc-tra intron by 1bp only, while the other Lc- 
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Figure 5.5.Figure 5.5.Figure 5.5.Figure 5.5. Median-joining haplotype network of Lc-tra and Lc-traB in the arrhenotokous and thelytokous 

populations. Population names are noted next to each cluster. Samples were taken of 12 thelytokous strains (AR1, 

AR2a, AR3a, Aust, BB1, CDB1a, GBW, KBH, MGS, STP, WB1a, WB3) and 9 arrhenotokous strains (CBY, DC, EJ, EPG, 

Mol, MS, PdA, PlB, TL) as described in (Pannebakker et al., 2004c; Kraaijeveld et al., 2011). Numbers between 

brackets show the nucleotide differences between each cluster. 

 

traB sequences are 76bp shorter. The separation of thelytokous populatios in two clusters is 

also found with neutral markers (microsatellites) and mtDNA (Kraaijeveld et al., 2011). These 

results are another indication that, not Lc-traB, but Lc-tra is the Leptopilina transformer 

ortholog. They also suggest that the different reproductive modes have distinct selection 

pressures on the Lc-tra sequence.  

 

Differential splicing of Lc-tra in arrhenotokous and thelytokous individuals 

In adult arrhenotokous males Lc-tra is spliced solely into the male variant, whereas 

arrhenotokous females contain a mix of the male and the female splice variant (Figure 5.6). 

Wolbachia-infected thelytokous females almost exclusively transcribe the female splice variant 

of Lc-tra. Thelytokous males, whose mothers were cured of their Wolbachia infection, but who 
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do not possess any arrhenotokous genetic material, display a male-only splicing pattern. When a 

RT-PCR is forced on the male-specific exons, all adult wasps, including thelytokous females, will 

amplify Lc-tra
M

 approximately equally (Figure 5.7). This suggests an elevated expression of Lc-

tra
F
 in thelytokous females. Alternatively, Lc-tra mRNA levels are similar between thelytokous 

and arrhenotokous females, but splicing of Lc-tra is enhanced towards the female-specific splice 

variant in thelytokous females. 

 

 

 
Figure 5.6Figure 5.6Figure 5.6Figure 5.6. Presence of female (Lc-tra

F
) and male (Lc-tra

M
) specific splice variants of Lc-tra and non-sex-specific 

splice variants of Lc-traB in early embryos and adults. Depicted are early embryos of thelytokous wasps 

(developing into Wolbachia carrying females) and early embryos of mated arrhenotokous wasps (developing into 

females and males without Wolbachia infection). The adults used are thelytokous females (Wolbachia present), 

thelytokous males (Wolbachia absent), arrhenotokous females (Wolbachia absent) and arrhenotokous males 

(Wolbachia absent). The negative control contains no cDNA (NTC). 

 

 

Lc-traB mRNA, having only one splice variant, is present in all adult individuals (Figure 

5.6). This is also true for early embryos, regardless of reproductive mode, and results from 

either maternal provision or early zygotic transcription of Lc-traB. In contrast, Lc-tra regulation 

depends on the reproductive mode. It is present in the female splice form (Lc-tra
F
) in 0-4h old 

embryos of Wolbachia-infected thelytokous mothers, whereas embryos of arrhenotokous 

females only possess the male splice form (Lc-tra
M

) (Figure 5.6). Moreover, these (uninfected) 

arrhenotokous embryos only contain Lc-tra
M

 mRNA before 4 hours of development. Yet, control 

samples confirm that they will develop as females that possess the Lc-tra
F splice form as adults. 

This indicates that maternal provision of tra
F
, or potentially any type of maternal provision,

 
is not 

required for female development in arrhenotokous L. clavipes. 
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Figure 5.7.Figure 5.7.Figure 5.7.Figure 5.7. Presence of Lc-tra

M
 in adult arrhenotokous and thelytokous females and males. The negative control 

contains no cDNA (NTC). 

 

DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION    

Function of Lc-tra and    Lc-traB 

Lc-tra is likely a transformer ortholog as it possesses a conserved sex determination function 

based on its sex-specific splicing, sequence conservation within reproductive type and its high 

conservation of domains and structure. This study has shown that it is not maternally provided 

to offspring which is in contrast to tra functionality in the majority of insects. Male-specific Lc-

tra mRNA can still be detected in thelytokous females which is consistent with the conservation 

of the genomic region of the male-specific exons. While Lc-traB has lost the region with male-

specific exons, the thelytokous Lc-tra locus reveals no detectable losses. Knockdown studies are 

required to further assess the functionality of Lc-tra and Lc-traB in the arrhenotokous and 

thelytokous reproductive systems. 

The loss of the male-specific genomic region in Lc-traB could be a consequence of the 

lack of sex-specific splicing of this paralog. This lack of sex-specific splicing in turn may result 

from neofunctionalization. The loss of intronic regions is not seen in csd of A. mellifera, where in 

fact the genomic region of csd is larger than that of its paralog fem (Hasselmann et al., 2008a; 

Schmieder et al., 2012). Clustering of Lc-traB variants resembles the phylogenetic pattern 

obtained from mtDNA and microsatellite variation of the different populations. This clustering is 

not restricted by arrhenotokous or thelytoky reproduction. It might suggest that Lc-traB is 

released from selection and subject to neutral drift. However, if Lc-traB is in the process of 

becoming a pseudogene (as present in other species (Koch et al., 2014)), this divergence is 

expected to be more pronounced across the entire gene and not restricted to the region which 

normally contains male-specific exons. Additionally, if there was no selection to preserve the 

coding sequence, each Leptopilina species traB copy should not cluster so closely to its tra 

paralog in the gene tree. This suggests that traB has obtained a new function, but the current 
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information is insufficient as to which function, and whether this is a function in sex 

determination. (Hasselmann et al., 2010) demonstrated a stronger purifying selection on fem in 

presence of csd, suggesting that the functional link between csd and fem leads to restrictions on 

the evolution of the latter. Csd in its turn possesses an excess of shared non-synonymous 

mutations (Hasselmann et al., 2008b). Similar analyses can be conducted on the yet to be 

completed tra and traB sequences in the Leptopilina genus and on populations of different 

reproductive modes in L. clavipes. 

 

Duplications of tra 

Paralogs of tra have been linked to CSD systems while little is known about their functionality 

(Schmieder et al., 2012; Privman et al., 2013). The duplication of tra appears to be present in 

each Leptopilina species investigated. Two tra homologs can be detected in a transcriptome 

assembly of L. heterotoma. L. boulardi only contains one homolog in its assembly, but traces of a 

duplicate Hymenoptera domain appear to be present in the raw read data. Lack of sequence 

variation resolution was also plagueing the L. clavipes genome assembly prior to the addition of 

long read data (Kraaijeveld et al., 2016). It suggests that the gene duplication preceded the 

emergence of the Leptopilina genus. The clustering by species instead of by paralog (Figure 5.3) 

does not necessarily indicate repeated duplication events after speciation, instead this could be 

a case of convergent evolution, as has been proposed for other tra duplications in the Aculeata 

(Schmieder et al., 2012; Privman et al., 2013). These ideas have however been disputed by 

(Koch et al., 2014)., who suggest that the duplications are all separate events. The Leptopilina 

species are however much more closely related than the aculeatan species which span multiple 

families. The tra paralogs were until recently only detected in species with a CSD mode of sex 

determination. This is potentially reflecting a bias in study effort, rather than a true link to CSD 

mechanisms, as Aculeata are overrepresented in the available hymenopteran genomes. 

Recently, three homologs of tra were found in the fig wasp Ceratosolen solmsi, a species 

belonging to the Chalcidoidea in which CSD appears absent (van Wilgenburg et al., 2006; 

Heimpel & de Boer, 2008; Jia et al., 2016). 

 

Effect of Wolbachia on Lc-tra expression 

Wolbachia needs to act early in the sex determination cascade to ensure female development. 

The exaggerated female-specific splicing of Lc-tra in thelytokous females suggests that 

Wolbachia interacts with either Lc-tra itself, or an as-of-yet unidentified factor upstream of Lc-

tra in the sex determination cascade. To further elucidate Wolbachia’s interaction with putative 

sex determination genes, the presence of Lc-traB and splicing of Lc-tra was assessed in early 

embryos. Interestingly Lc-traB was provided to the embryos, but did not show any differences in 

the level of maternal provisioning between reproductive modes. This indicates a function during 

early development which may still include a role in sex determination. Although this study 

demonstrates that thelytoky is associated with female-specific Lc-tra provision, experiments 
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that remove Wolbachia from thelytokous females need to be performed to test whether it is 

solely the endosymbiont that causes this change to maternal Lc-tra
F
 input. A genetic factor in 

the thelytokous genome itself cannot be excluded based on these data. The thelytoky restricted 

provision of Lc-tra
F
 suggests that Wolbachia manipulate tra regulation in thelytokous females. 

These females display an elevated or biased expression of Lc-tra
F
, leading to a change in mRNAs 

provided to the embryos. To test this suggested link between Wolbachia presence and amount 

of Lc-tra
F
, one could change the titer of Wolbachia in thelytokous females and compare it to the 

expression of Lc-tra in the same individuals. 

Embryos of L. clavipes exhibit delayed development and the first meta-anaphase is 

completed only after 30 minutes following oviposition, but can also extendd to 3.5h after 

oviposition (Pannebakker et al., 2004b). As more than half of the embryos are still delayed at 2h 

after oviposition (Pannebakker et al., 2004b) and females often do not oviposit immediately 

when placed in the test set-up, it is likely that a significant fraction of the 0-4h old embryo 

samples in our study had not reached the stage of zygotic transcription yet. Maternal RNAi tests 

can be used to assess whether Wolbachia-induced thelytoky impacts maternal provisioning, 

rather than early zygotic transcription of Lc-tra. These would knock down expression of Lc-tra in 

adult females, leading to an inability to provide Lc-tra mRNA to their offspring. 

 

Diploidization and feminization in L. clavipes 

In A. japonica Wolbachia induced thelytoky follows a two-step model, consisting of separate 

processes of diploidization and feminization (Ma et al., 2015). It is unknown whether Wolbachia 

in L. clavipes deploys a similar mechanism. Ploidy screens on the offspring of antibiotics treated 

females would be needed to detect the presence of diploid males and a possible correlation 

between Wolbachia titer and ploidy. If feminization is a separate process it would allow a wider 

range of possible sex determination mechanisms in L. clavipes, including CSD and imprinting 

mechanisms that are difficult to reconcile with the gamete duplication which underlies its 

thelytoky. The homozygosity at a genetic or epigenetic level could then be overruled by the 

endosymbiont through its feminizing effect. Maternal provisioning of tra
F
 could be a necessary 

element for the feminization of the thelytokous embryos. Since Lc-tra
F
 provision is not required 

for arrhenotokous female development, suggesting that Wolbachia interferes by circumventing 

the arrhenotokous primary signal, while exploiting tra autoregulation. 

    

How do endosymbionts manipulate host reproduction? 

Evidence is growing that the sex determination cascade can be manipulated by endosymbionts, 

but very little is still known about the underlying mechanisms (Beukeboom, 2012). In the moth 

Ostrinia scapulalis, the presence of Wolbachia is associated with female-specific splicing of the 

downstream master-switch gene doublesex (dsx), indicating that this Wolbachia carries a 

feminizing factor that overrules upstream sex-determination processes (Sugimoto & Ishikawa, 

2012). In this system Wolbachia causes male-killing rather than thelytokous reproduction. In the 
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related moth Ostrinia furnacalis, Wolbachia represses its host’s masculinizing gene Masc (Fukui 

et al., 2015), which is the target of piRNA derived from the dominant feminizing gene Fem in 

Bombyx mori (Kiuchi et al., 2014). This suggests that Wolbachia can interfere with the sex 

determination cascade of O. furnacalis. However, the sex determination cascade of these 

lepidopterans differs notably from other insects in its absence of tra. Maternal tra
F
 provision is 

only absent after the primary signal addition of sex-lethal in Drosophila and the csd 

heterozygous state in A. mellifera, whereas other insects retain maternal tra provision to start 

the tra loop (Bopp et al., 2014). Maternal tra provision is of particular importance in N. 

vitripennis (Verhulst et al., 2010a) which is the most closely related investigated species to L. 

clavipes. In N. vitripennis, female-specific tra mRNA provided by the mother to her embryos, 

combined with a paternal activator, is required for female development (Verhulst et al., 2013). 

L. clavipes differs from this system in its lack of female-specific Lc-tra provision in arrhenotokous 

females. This has both implications for the possible mechanism of sex determination in L. 

clavipes and the options for Wolbachia to interfere with the mechanism. The lack of tra
F
 

provision in arrhenotokous L. clavipes may provide opportunities for Wolbachia to jumpstart the 

female pathway by ensuring tra
F
 provisioning to thelytokous embryos. A tra autoregulatory loop 

is suggested to be widely conserved, activated by maternal provision of tra
F
 (Bopp et al., 2014). 

In individuals without tra
F
 maternal provision another factor needs to activate tra

F
 splicing, but 

the autoregulatory loop of tra
F
 could already be present in L. clavipes at the post-zygotic 

transcription stages during arrhenotokous diploid (female) development. If Wolbachia induces 

maternal provision of tra
F
, it could activate this otherwise still dormant system at the start of 

zygotic transcription. We examined the thelytokous wasp Asobara japonica in chapter 6 to study 

the extent of Wolbachia-induced maternal provision of tra
F
 and to formulate a model on 

arrhenotokous and thelytokous sex determination mechanisms in both species. 
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ABSTRACTABSTRACTABSTRACTABSTRACT    

Alternative splicing is a hallmark of insect sex determination. In most insect species the sex-

specifically spliced transformer (tra) gene with its co-factor transformer-2 (tra2) are the central 

gear in the sex determination cascade. Orthologs of tra and tra2 were identified in the 

parasitoid Asobara japonica (Hymenoptera, Braconidae). The female-specific splice form of AJ-

TRA contains the characteristic Ceratitis-Apis-Musca (CAM) domain, arginine-serine region and 

proline-rich region. Aj-tra exhibits alternative splice variants that are composed of exons 

containing a variant of the putative CAM domain. Arrhenotokous females only provide these 

alternative splice forms to their offspring and lack maternal provision of female-specific Aj-tra 

mRNA, though they do transcribe female-specific Aj-tra mRNA throughout their own 

development. Thelytokous Wolbachia-infected females shift their maternal input to the female-

specific Aj-tra splice variant. Removal of Wolbachia by antibiotic curing reverts the maternal 

provision to contain only the alternative splice forms, indicating active manipulation of splicing 

regulation by Wolbachia. Aj-tra2 has four splice variants resulting in different lengths of the 

arginine/serine region. The pattern of splice forms is different between males and females, 

without a clear male-specific splice form. The longest splice form is only detected in adult 

females and early embryonic samples. All splice forms of tra2 are maternally provided by 

thelytokous Wolbachia-infected, thelytokous Wolbachia-cured and arrhenotokous females, 

indicating that Wolbachia does not interfere with this gene in the sex determination cascade. 
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    

Sex determination in insects follows a gene cascade that evolves from the bottom upwards 

(Wilkins, 1995). At the bottom of the cascade is the switch doublesex (dsx), leading to male and 

female differentiation. It is controlled by transformer (tra) and transformer-2 (tra2), which are 

both provided by the mother to her eggs in most insect species (Nissen et al., 2012; Shukla & 

Palli, 2013; Bopp et al., 2014). Tra splices in a female-specific pattern which switches the sex 

determination cascade into the female mode by maintaining an autoregulatory loop on itself. 

This autoregulation is suggested to act on the CAM domain (Ceratitis-Apis-Musca domain), 

which is only present on the female isoform of TRA (Hediger et al., 2010). The maternal input of 

tra2 and female-specific tra leads to female specific splicing of dsx and thus female 

development. While tra and dsx require sex-specific splice variation for their functionality, tra2 

typically demonstrates no sex-specific splicing, except for a negative feedback loop of a tra2 

splice variant in the testis of Drosophila melanogaster (Mattox & Baker, 1991; Mattox et al., 

1996; McGuffin et al., 1998). Tra is regulated by highly variable primary signals on top of the 

cascade, few of which are identified. In Hymenoptera these primary signals are the csd gene (a 

duplicate of tra) in the honeybee Apis mellifera (Beye et al., 2003; Hasselmann et al., 2008a; 

Gempe et al., 2009) and the hypothesized womanizer (wom) gene in the parasitoid wasp 

Nasonia vitripennis (Verhulst et al., 2013). 

Molecular investigations point at a large diversity of haplodiploid sex determination 

mechanisms, similar to other organismal groups
 
(Beukeboom & Perrin, 2014). In some groups, 

including A. mellifera, sex is determined by a single complementary sex determination locus (sl-

CSD), heterozygotes become female and homo- and hemizygotes become male. For many other 

hymenopterans this complementary sex determination mechanism has been ruled out
 
(van 

Wilgenburg et al., 2006; Heimpel & de Boer, 2008; Asplen et al., 2009). Little is known regarding 

the genetic basis of non-CSD sex determination and how conserved and widespread these 

molecular mechanisms are. The molecular basis of Maternal Effect Genomic Imprinting sex 

determination (MEGISD) has been elucidated in N. vitripennis (Beukeboom et al., 2007b; 

Verhulst et al., 2010a, 2013). It requires the maternal provision of female-specific tra and an 

active paternal copy of the maternally imprinted wom gene. 

Many Hymenopterans are infected with endosymbionts which can manipulate 

reproduction in various ways (Werren et al., 2008; Ma et al., 2014b). The parasitoid Asobara 

tabida is infected with three Wolbachia strains of which one is necessary for oogenesis (Dedeine 

et al., 2001). The other two Wolbachia strains cause cytoplasmic incompatibility in this species 

(Dedeine et al., 2004). Asobara wasps are solitary endoparasitoids of Drosophila larvae and its 

species are distributed widely (Carton et al., 1986). Four species of the genus tested negative for 

CSD up to 10 loci (Beukeboom et al., 2000; Ma et al., 2013), including Asobara japonica which 

we investigate in this study. A. tabida contains homologs of tra, tra2 and dsx, but reveals a 

notable absence of maternal provisioning of female-specific tra. A MEGISD mechanism
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(Beukeboom et al., 2007b), as demonstrated for N. vitripennis, can still be valid in Asobara 

wasps, albeit with modifications
 
(Chapter 4). 

In contrast to the oogenesis function in A. tabida, Asobara japonica that are infected 

with the endosymbiont Wolbachia reproduce thelytokously, whereas uninfected populations 

reproduce arrhenotokously (Kremer et al., 2009; Murata et al., 2009). We have recently found 

that these bacteria cause thelytokous reproduction in two steps: duplication of the haploid 

genome during oogenesis followed by feminization of diploid individuals
 
(Ma et al., 2015). 

Interestingly, these two steps are differentially dependent on the Wolbachia titer. The 

additional feminization step implies that the bacteria interfere with the regulation of the host’s 

sex determination pathway. To test this prediction tra and tra2 regulation need to be compared 

between thelytokous and arrhenotokous strains. We examine which splice variants of tra and 

tra2 are maternally provided and how this splicing pattern changes during development. We 

further revert the thelytokous reproduction to arrhenotoky by curing the wasps with antibiotics 

to examine the direct effects of Wolbachia removal on the regulation of tra in the sex 

determination cascade.  

 

MATERIAL AND METHODSMATERIAL AND METHODSMATERIAL AND METHODSMATERIAL AND METHODS    

A. japonica strains 

Genome drafts of arrhenotokous strain AM and thelytokous strain KG (Murata et al., 2009) were 

assembled (unpublished data). These strains were used for the identification of candidate sex 

determination genes and to collect embryonal samples for a developmental time series. As the 

AM strain was subsequently lost from laboratory cultures, further identification of male-specific 

Asobara japonica tra (Aj-tra
M

) and non-sex-specific Aj-tra (Aj-tra
NSS

) splicing was performed with 

the arrhenotokous IR strain (Murata et al., 2009). No strain differences between AM and IR were 

detected in splicing patterns of sex determination genes and nucleotide sequences of Aj-tra2. A 

small number of SNPs however distinguish the Aj-tra nucleotide sequences. All laboratory 

culturing and experiments took place at 25°C and L:D 24:0 conditions. Wasps were provided 

with second instar D. melanogaster larvae as hosts. 

 

Ortholog identification 

Orthologs of tra and tra2 were identified by translated BLAST (Altschul et al., 1997) against the 

two A. japonica genomic assemblies. TRA protein sequences of A. mellifera (NP_001128300) and 

N. vitripennis (NP_001128299), and the TRA2 sequence of A. mellifera (NP_001252514) were 

used as queries. 

 

RNA extraction, cDNA synthesis and splice-variant detection 

Adult females and males were individually collected after their emergence from the host pupae. 

RNA extraction was performed with TriZol (Invitrogen, Carlsbad, California, USA) according to 



Identification, splicing and maternal provision of tra and tra2 in arrhenotokous and thelytokous A. japonica | 

 115 

 

manufacturer’s protocol. For 3’RACE (Rapid Amplification of cDNA Ends), RNA was reverse-

transcribed with the RevertAidTM H Minus First Strand cDNA Synthesis Kit (Fermentas, Hanover, 

MD, USA) using 25µM 3’RACE adapter (5'-GCG AGC ACA GAA TTA ATA CGA CTC ACT ATA GGT 

12VN-3') from FirstChoice RLM-RACE kit (Ambion, Austin, TX, USA). For 5’RACE, RNA was 

processed according to manufacturer’s instructions (FirstChoice RLM-RACE kit, Ambion, Austin, 

TX, USA) and reverse-transcribed using the RevertAidTM H Minus First Strand cDNA Synthesis Kit 

(Fermentas, Hanover, MD, USA). To assess the Aj-tra splice variants present in adult males and 

females 5’RACE-PCR was performed with primer Ajtra_5RACEout (5’-

GCCTTCACTACCCTTAATAACGG-3’). Reaction conditions were 94°C for 3 minutes, 35 cycles of 

94°C for 30 seconds, 60°C for 30 seconds and 72°C for 2 minutes, with a final extension of 7 

minutes at 72°C. Outer primer Ajtra_3RACEout (5’-CTTGAATTGAAGAAGCAACGGAG-3’) and 

inner primer Ajtra_3RACEin (5’-GGAAGACACATCTGAGCTGTTGAG-3’) were used in a nested 

3’RACE-PCR at 94°C for 3 minutes, 40 cycles of 94°C for 30 seconds, 56°C for 30 seconds and 

72°C for 2 minutes, with a final extension of 10 minutes at 72°C. Reverse Transcription (RT-)PCRs 

to confirm the splicing variation of Aj-tra were performed with primer sets Ajtra_exon3F1 (5’-

CGTTATTTAAGGGTAGTGAAGG-3’)/Ajtra_exon4R (5’-GCTGGTCTTTGGTTGTAACTC-3’), 

Ajtra_exon3F1/Ajtra_exon8R (5’-GAGAATCACGTCTTCCTGAG-3’), Ajtra_exon3F2 (5’-

ACATTGAACGAGACATTCCA-3’)/Ajtra_exon6R1 (5’-CCCTCAATACAACCACTTCC-3’) and 

Ajtra_exon4F (5’-AAGAGTTACAACCAAAGACCAG-3’)/Ajtra_exon6R2 (5’-

AGTTGTTGTGTCCATCATAGTC-3’). All sets were used at 94°C for 3 minutes, 35 cycles of 94°C for 

30 seconds, 54°C for 30 seconds and 72°C for 2 minutes, with a final extension of 7 minutes at 

72°C. An additional PCR was performed with primers Ajtra_exon7F (5’-

AGAACGTCGAACTGTGGTGG-3’) and Ajtra_exon9R (5’- GCTCTGGAATGACGACTTTGTG-3’) to 

identify the full gDNA region between exon 7 and 9. The reaction conditions were 94°C for 3 

minutes, 30 cycles of 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 2 minutes, with a 

final extension of 7 minutes at 72°C. 

To amplify the 5’region of Aj-tra2 5’RACE-PCR was performed with outer primer 

Ajtra2_5RACEout (5’-AGGTCGTGAATGATGCTAAGACTG-3’) and nested inner primer 

Ajtra2_5RACEin (5’-ATGTCCTTAAGACGTCGGCAC-3’) at 94°C for 3 minutes, 35 cycles of 94°C for 

30 seconds, 56°C for 30 seconds and 72°C for 2 minutes, with a final extension of 10 minutes at 

72°C. 3’RACE-PCR of Aj-tra2 was performed with outer primer Ajtra2_3RACEout (5’-

GTCTTCCATCAATTTCCATTCCTG-3’) and nested inner primers Ajtra2_3RACEin (5’-

CGACGTGGAGAGTAAGAACGA-3’) in a reaction at 94°C for 3 minutes, 35 cycles of 94°C for 30 

seconds, 56°C for 30 seconds and 72°C for 2 minutes, with a final extension of 10 minutes at 

72°C. RT-PCRs to confirm the splicing variation of Aj-tra2 were performed with primers Ajtra2F1 

(5’-TCTTCACAACAATCTGCCAC -3’) and Ajtra2R1 (5’-CATTTCTGTCCCTCTCACGA -3’). The reaction 

conditions were 94°C for 3 minutes, 45 cycles of 94°C for 30 seconds, 50°C for 30 seconds and 

72°C for 45 seconds, with a final extension of 7 minutes at 72°C. 
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All RACE-PCR and RT-PCR products were ligated into pGEM-T vector (Promega, 

Madison, WI, USA) after purification using GeneJET Gel Extraction Kit (Fermentas, Hanover, MD, 

USA). Ligation reactions were used to transform competent JM-109 Escherichia coli (Promega, 

Madison, WI, USA). Colony-PCR was conducted with pGEM-T primers (5’-

GTAAAACGACGGCCAGT-3’ and 5’-GGAAACAGCTATGACCATG-3’) at 94°C for 3 minutes, 30 cycles 

of 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 2 minutes, with a final extension of 7 

minutes at 72°C. Both strands were sequenced and fragments were aligned to one another and 

to the genomic contigs from the assembly to inspect the splicing variation. The structure of the 

genes was visualized with Exon-Intron Graphic Maker (http://wormweb.org/exonintron). 

 

Phylogeny construction 

Phylogenetic trees were constructed in MEGA7 (Kumar et al., 2016). Within-genera divergence 

of TRA, TRA2 and COI was calculated in MEGA7 by computing the within group mean distance 

with 1000 bootstraps. TRA amino acid sequences of the following species (Genbank accession) 

were used: A. cerana (ABV56230), A. dorsata (NP_001276123), A. mellifera (NP_001128300), 

Bombus impatiens (XP_003493796), Bombus terrestris (NP_001267853) and N. vitripennis 

(NP_001128299). TRA sequences of Leptopilina and A. tabida were detected in chapter 4 and 5. 

Amino acid sequences of Nasonia giraulti and Nasonia longicornis were predicted comparing the 

N. vitripennis TRA sequence with tblastn to the transcriptome shotgun archives and whole 

genome shotgun sequences of N. giraulti (GBEC00000000/ADAO01000000) and N. longicornis 

(ADAP01000000) (Werren et al., 2010; Hoedjes et al., 2015). TRA2 amino acid sequences used 

were: A. dorsata (XP_006623033), A. mellifera (AFJ15561), B. impatiens (XP_012249279) and B. 

terrestris (XP_012169168). Amino acid sequences of TRA2 from N. giraulti (ADAO01000000), N. 

longicornis (ADAP01000000), L. boulardi (GAJA01019094), L. clavipes (GAXY02014083) and L. 

heterotoma (GAJC01027588) were predicted by tblastn searches of the N. vitripennis amino acid 

sequence obtained in chapter 3 against the transcriptome shotgun archives and whole genome 

shotgun sequences of these species (Werren et al., 2010; Goecks et al., 2013; Misof et al., 

2014). The amino acid sequence of A. tabida TRA2 was obtained in chapter 4. Nucleotide 

sequences of COI (Genbank accession) used were: A. cerana (DQ016088), A. dorsata 

(DQ020235), A. mellifera (AF250946), B. impatiens (JF799028), B. terrestris (AY181171), N. 

giraulti (EU746515), N. longicornis (EU746524), N. vitripennis (EU746534), Leptopilina boulardi 

(JQ808437), Leptopilina clavipes (HM999666), Leptopilina heterotoma (AB456712), A. tabida 

(JQ808428) and A. japonica (JF430429). 

 

Splicing patterns of Aj-tra
M

 and Aj-tra
NSS

 in females 

Amplification of Aj-tra
M

 and Aj-tra
NSS

 transcripts in adult thelytokous females, arrhenotokous 

females and arrhenotokous males was performed with primers Ajap_tra_exon3F (5’- 

CGTTATTTAAGGGTAGTGAAGG-3’) and Ajap_tra_exon4R (5’- GCTGGTCTTTGGTTGTAACTC-3’) at 

94°C for 3 minutes, 40 cycles of 94°C for 30 seconds, 54°C for 30 seconds and 72°C for 30 
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seconds, with a final extension of 7 minutes at 72°C. Products were run and visualized on an 

ethidiumbromide-containing 1.5% agarose gel. 

 

Presence and splicing of Aj-tra and Aj-tra2 during embryonic development 

Offspring of arrhenotokous mated, arrhenotokous virgin, thelytokous Wolbachia-infected and 

thelytokous antibiotics-cured females was collected along a range of time-points to examine the 

presence of Aj-tra and Aj-tra2 transcripts prior to zygotic transcription and during embryonic 

development. Hosts containing arrhenotokous (AM strain) wasps in the pupal stage were placed 

individually in tubes to prevent emerging females from mating. Mated arrhenotokous females 

and untreated thelytokous (KG strain) females were collected from mass culture bottles. 

Immediately after emergence, a subset of thelytokous females was provided with 1mg/g 

rifampicin dissolved in honey, to cure their Wolbachia infection. Groups of three females were 

given hosts for 2 hours to stimulate oogenesis and to improve host detection. Following this pre-

treatment the wasps were kept for 2 days at 12°C and L:D 24:0 in tubes with a layer of agar for 

moisture and with honey for feeding . Next, each group of wasps was provided with 30 hosts in 

dried yeast solution on a petri dish for 2 hours. After the allotted development time at standard 

culturing conditions the petri dishes were rinsed with water and 10 host larvae were collected 

by freezing them in liquid nitrogen and subsequent storage at -80 °C. Time-points were chosen 

to cover maternal provision prior to zygotic transcription (0-2h), the predicted start of zygotic 

sex determination gene transcription (6-8h and 12-14h) and subsequent early sexual 

differentiation (24-26h and 48-50h). A subset of larvae from each group and time-point was left 

to develop into adults. This served as a control for the parasitization itself, the virginity of the 

unmated arrhenotokous females, the success of rifampicin treatment, and possible spontaneous 

male production of the thelytokous untreated females (Reumer et al., 2012; Ma et al., 2014a). 

The progenies from mated arrhenotokous females yielded information about offspring sex ratio, 

which was on average 0.47 (proportion males). All thelytokous females treated with rifampicin 

and all virgin arrhenotokous females produced only sons. Less than 5% of thelytokous untreated 

females produced male offspring and these samples were excluded from RNA extractions. Of 

each group and time-point, 3 to 6 samples with each 10 parasitized larvae were used for RNA 

extraction, as described for adult tissue above. Reverse transcription was performed with a 

mixture of 1:6 random oligo-dT:random hexamers from the RevertAidTM H Minus First Strand 

cDNA Synthesis Kit (Fermentas, Hanover, MD, USA). Controls were unparasitized D. 

melanogaster larvae of similar age groups. 

For the amplification of Aj-tra splice variants during development, primers Ajtra_RTF 

(5’-TTAAACGAAGAGAAGGTGAAGG-3’) and Ajtra_RTR (5’-GAGAATCACGTCTTCCTGAG-3’) were 

used in reactions at 94°C for 3 minutes, 45 cycles of 94°C for 30 seconds, 54°C for 30 seconds 

and 72°C for 1 minute, with a final extension of 7 minutes at 72°C. Assessment of Aj-tra2 splicing 

patterns in these developmental series was performed with the same primer set used in the 

initial splice-variant detection. Detection of Aj-tra2
B
 and Aj-tra2

C
 could not be separated on gel 
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as these transcripts are exactly the same size. The band was extracted from the gel and cloned 

according to the procedures described in the splice variant detection above. Two samples of an 

adult of each category and one sample of 0-2h old embryos of each category were used to 

clone, as described above, and 8 to 12 colonies of each cloned fragment were sequenced. 

 

 
Figure 6.1.Figure 6.1.Figure 6.1.Figure 6.1. Exon-intron structure of the female-specific (F), male-specific (M) and non-sex-specific (NSS) splice 

variants of tra in A. japonica. White boxes represent the 5’ and 3’UTR’s, black boxes contain the coding sequence. 

The CAM domain is shown in dark grey on exon 3 and 7, the alternative 3’ CAM version of the Aj-tra
NSS 

splice forms 

is show in lighter grey on exon 4. The length of the first and second intron is marked with a break as the genomic 

contigs only contain the regions flanking the exons and do not inform on the full length. 

 

RESULTSRESULTSRESULTSRESULTS    

Identification and splicing variation of tra in A. japonica 

A single homolog of tra could be detected in A. japonica genomic assemblies of both an 

arrhenotokous and a thelytokous strain. The ORF was spanning multiple incomplete contigs and 

a large variety of splice variants was detected by amplification and sequencing of RACE-PCR and 
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RT-PCR fragments. One female-specific splice variant was found, indicated by with Aj-tra
F
 (Figure 

6.1), containing a CAM domain (3’ part located on exon 6) followed by an arginine/serine 

domain and a proline-rich region. This pattern is typical for a female-specific splice form of tra. 

All hymenopteran tra homologs contain a conserved domain at the 5’part of the ORF, before the 

sex-specific exons. This Hymenoptera-specific HYM domain (Verhulst et al., 2010b) is found in 

the female-specific variant of Aj-tra and all alternative splice forms. Six alternative splice forms 

were detected, of which three were male-specific (Aj-tra
M1

, Aj-tra
M2

, Aj-tra
M3

), based on the 

inclusion of exons before the CAM domain leading to a change in ORF and an early STOP-codon. 

This short ORF is consistent with male tra variants in other species. Three splice variants had a 

longer ORF and contained an alternative diverged CAM domain (3’ part located on exon 4) 

followed by a short arginine/serine rich region, alike A. tabida (Chapter 4). These were termed 

non-sex-specific (Aj-tra
NSS1

, Aj-tra
NSS2

, Aj-tra
NSS3

) due to their presence in both sexes. 

 

Figure 6.2.Figure 6.2.Figure 6.2.Figure 6.2. Gene tree of TRA/FEM inferred using the Maximum Likelihood method based on the (Jones et al., 1992) 

model (1000 bootstraps). The evolutionary distances are scaled in units of the number of amino acid substitutions 

per site. Numbers at the tree nodes indicate bootstrap support values. Amel = Apis mellifera, Ador = Apis dorsata, 

Acer = Apis cerana, Ajap = Asobara japonica, Atab = Asobara tabida, Bter = Bombus terrestris, Bimp = Bombus 

impatiens, Lhet = Leptopilina heterotoma, Lbou = Leptopilina boulardi, Lcla = Leptopilina clavipes, Ngir = Nasonia 

giraulti, Nlon = Nasonia longicornis and Nvit = Nasonia vitripennis. 
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The female-specific TRA peptides of A. japonica and A. tabida are highly divergent in 

comparison to orthologs within other genera, except the Leptopilina genus which also contains 

low conservation of TRA (Figure 6.2). This pattern is not reflective of the evolutionary history of 

the species. Within genera mean distances of the COI marker reveal a slightly higher 

differentiation in Asobara and Leptopilina, but the differences are markedly increased for TRA 

(Table 6.1). This indicates that strong divergence of the tra gene in Asobara and Leptopilina is 

not a result of a more remote speciation event. 

 

Table Table Table Table 6.6.6.6.1. 1. 1. 1. Average evolutionary divergence over sequence pairs within genera. Average number of amino acid 

(TRA/TRA2) or base (COI) substitutions per site are shown, followed by their standard error estimates. Analyses 

were conducted using the JTT matrix-based model (TRA/TRA2) and the Tamura 3-parameter model (COI).    

GenusGenusGenusGenus TRATRATRATRA TRA2TRA2TRA2TRA2    COICOICOICOI 

d SE d SE d SE 

Apis 0.043 0.014 0.000 0.000 0.091 0.017 

Bombus 0.007 0.007 0.000 0.000 0.134 0.025 

Leptopilina 0.358 0.049 0.033 0.011 0.209 0.028 

Nasonia 0.009 0.007 0.003 0.003 0.145 0.023 

Asobara 0.386 0.063 0.045 0.014 0.188 0.032 

 

Presence of Aj-tra splice variants during adult stages 

In adult males of A. japonica the female specific splice form of Aj-tra is never expressed, 

regardless of their arrhenotokous or thelytokous genomic origin (Figure 6.3). Males can splice 

Aj-tra in a mixture of Aj-tra
M

 and Aj-tra
NSS

 splice forms (Figure 6.4a and 6.4b). Arrhenotokous 

females are not exclusively transcribing the Aj-tra
F
 variant, but contain a mixture of all splice 

variants (Figure 6.3 and 6.4a). Thelytokous females that have been cured from their Wolbachia 

infection do not differ in splice-form composition from arrhenotokous females, providing further 

evidence that the underlying sex determination mechanism and gene function is similar in 

thelytokous and arrhenotokous populations. Wolbachia-infected females, however, 

demonstrate a strong bias towards the Aj-tra
F
 splice form (Figure 6.3). When only exons specific 

to Aj-tra
NSS

 and Aj-tra
M

 are amplified, transcripts of these splice variants can be seen in 

Wolbachia infected females albeit at low abundance (Figure 6.4a and 6.4b). Notably, the level of 

Aj-tra
M

 mRNA appears slightly lower in thelytokous females (Figure 6.4b) while that of Aj-tra
NSS

 is 

similar in all types of adults (Figure 6.4a). 
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Figure 6.3.Figure 6.3.Figure 6.3.Figure 6.3. Splice variants of Aj-tra during embryo development and in adults of thelytokous and arrhenotokous A. 

japonica. D. melanogaster larvae and no template reactions are included as negative controls. 

 

 
    

Figure 6.4.Figure 6.4.Figure 6.4.Figure 6.4. Presence of Aj-tra
NSS

 (a) and Aj-tra
M

 (b) in adult A. japonica. The Aj-tra
NSS

 band in (a) represents an 

amplification of transcripts spanning exon 3 and 4 from Aj-tra
NSS1

, Aj-tra
NSS2 

and Aj-tra
NSS3

 which are of the same 

size. The Aj-tra
M

 fragment amplified in (b) spans exons 3 and 4, where the structure of the Aj-tra
M1

 and Aj-tra
M2

 

transcripts is identical. 
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Dynamics of Aj-tra splice variants during embryonic development 

The female-specific splice variant of Aj-tra is not present in early embryos of arrhenotokous 

females (Figure 6.3). This implies that arrhenotokous A. japonica do not maternally provide tra
F
 

mRNA to the offspring. The alternative splice forms of Aj-tra
NSS

 are provided to the embryos of 

arrhenotokous females (Figure 6.3), where Aj-tra
NSS1

 and/or Aj-tra
NSS3 

transcripts are present in 

all embryo samples (0-2h and 3-5h of development) before the presumed start of zygotic 

transcription. Embryos of thelytokous females of 0-2h and 3-5h after parasitization contain Aj-

tra
F
 (Figure 6.3), indicating that thelytokous females, in contrast to arrhenotokous females, do 

maternally provide Aj-tra
F
 mRNA to their eggs. Thelytokous females that were treated with 

antibiotics to remove the thelytoky-inducing Wolbachia did not maternally provide Aj-tra
F
 mRNA 

to the eggs. Apparently, maternal provision of tra
F
 mRNA is induced by Wolbachia. 

 In arrhenotokous A. japonica the female-specific splice form of Aj-tra starts to appear 

in diploid embryos of 12-14 h after parasitization, indicating that zygotic transcription of Aj-tra 

starts around this time (Figure 6.3). It is not known how the female-specific splicing of the Aj-tra 

transcript is effectuated in the absence of maternally provided Aj-tra
F
. The haploid 

arrhenotokous embryos do not express Aj-tra
F 

mRNA at any point in their development. This 

pattern is also seen in the embryos from cured thelytokous wasps that develop into males. Such 

embryos match the arrhenotokous male embryos in all stages, again indicating the involvement 

of Wolbachia in maternal provisioning of Aj-tra. 

 

Identification and splicing variation of tra2 in A. japonica 

A homolog of tra2 (Aj-tra2) was detected in the A. japonica genomic assemblies. It consists of 

eight exons, but there are three alternative splice forms (Figure 6.5), that differ by the inclusion 

or exclusion of exons 3 and 4. These exons contain duplicated regions, which also are present at 

the start of exon 5. This region is 72 base pairs long (Figure 6.6) and, hence, its inclusion causes 

no frameshift but results in an arginine/serine-rich region of varying length, depending on the 

number of included exons. A homolog of this region in A. tabida tra2, present in the middle of 

its exon 2, is aligned against the Aj-tra2 duplicated regions (Figure 6.6). Tra2 is a highly 

conserved gene which barely shows amino acid modifications within genera, but a surprising 

level of divergence is present in the Asobara genus (Table 6.1). 



Identification, splicing and maternal provision of tra and tra2 in arrhenotokous and thelytokous A. japonica | 

 123 

 

 
    

Figure 6.5.Figure 6.5.Figure 6.5.Figure 6.5. Exon-intron structure of the splice variants of tra2 in A. japonica. White boxes represent the 5’ and 

3’UTR’s, black boxes contain the coding sequence. The RBD is plotted in grey on the exons. Incomplete intron 

lengths are marked by breaks in the line. 

 

 
    

Figure 6.6.Figure 6.6.Figure 6.6.Figure 6.6. Alignment of repeated regions of Aj-tra2 against each other and against the homologous sequence of 

At-tra2. 

 

Presence of Aj-tra2 splice variants during adult stages 

All splice variants (Aj-tra2
A
, Aj-tra2

B
, Aj-tra2

C
 and Aj-tra2

D
) are found in adult females, regardless 

of their arrhenotokous or thelytokous mode of reproduction (Figure 6.7, Table 6.2). Aj-tra2
C
 and 

Aj-tra2
D
 are found in low abundance. Males of either reproductive type transcribe the Aj-tra2

A
 

and Aj-tra2
C
 splice variants abundantly, but Aj-tra2

B
 only sporadically (26 independent bacteria 

colonies containing either an Aj-tra2
B
 or an Aj-tra2

C
 fragment were sequenced and only 2 

transcripts of Aj-tra2
B
 were detected). No transcripts of Aj-tra2

D
 were detected in males (Figure 

6.7, Table 6.2). Therefore, Aj-tra2
D
 can be regarded as female specific. Removal of Wolbachia 

does not change the splicing pattern of Aj-tra2 in adult thelytokous females, unlike Aj-tra which 

is changed to more male-biased splicing. 

 

Presence of Aj-tra2 splice variants during embryonic development 

Maternal provision of Aj-tra2 reveals the same pattern in developmental stages of both 

reproductive modes (Figure 6.7, Table 6.2). Both thelytokous and arrhenotokous females supply 
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the female-specific Aj-tra2
D
 and the non-specific Aj-tra2

B 
to their eggs. A lower amount of Aj-

tra2
A
 and Aj-tra2

C
 transcripts is present in these early embryos, which contrasts to its abundant 

presence in adults, particularly in males. The pattern of splicing is similar in all developmental 

stages and changes rapidly from the maternally provided Aj-tra2
D
 and Aj-tra

B
 transcripts in early 

embryos to a higher level of Aj-tra2
A
 at later stages. This universal maternal provision is in 

contrast with that of Aj-tra mRNA, which is only maternally provided in thelytokous females in 

the presence of Wolbachia. 

 

 

 
    

Figure 6.7.Figure 6.7.Figure 6.7.Figure 6.7. Splice variants of Aj-tra2 during embryo development and in adults of thelytokous and arrhenotokous 

A. japonica. D. melanogaster larvae and no template reactions are included as negative controls. 

    

    

    

Table Table Table Table 6.6.6.6.2. 2. 2. 2. Presence of Aj-tra2 splice variants in embryos and adults. Presence of Aj-tra2
B
 and Aj-tra2

C
 mRNA 

cannot be scored on gel due to equal length of PCR products. These bands were cloned and sequenced to score 

the abundance of each variant. Numbers of each clone (number/total) are denoted between brackets. 

    

CategoryCategoryCategoryCategory    WolbachiaWolbachiaWolbachiaWolbachia    AjAjAjAj----tra2tra2tra2tra2
AAAA    

AjAjAjAj----tra2tra2tra2tra2
BBBB    AjAjAjAj----tra2tra2tra2tra2

CCCC    AjAjAjAj----tra2tra2tra2tra2
DDDD    

Arrhenotokous females No Yes Yes (15/16) Yes (1/16) Yes 

as embryos Yes Yes (19/20) Yes (1/20) Yes 

Arrhenotokous males No Yes Yes (2/13) Yes (11/13) No 

as embryos Yes Yes (19/20) Yes (1/20) Yes 

Thelytokous females Infected Yes Yes (13/16) Yes (3/16) Yes 

as embryos Yes Yes (11/12) Yes (1/12) Yes 

Thelytokous males No Yes No (0/13) Yes (13/13) No 

as embryos Yes Yes (5/7) Yes (2/7) Yes 

Thelytokous females* No Yes Yes (13/15) Yes (2/15) Yes 

 

*This category is fed antibiotics during their adult life. This removes the Wolbachia infection and changes their 

splicing pattern of Aj-tra. No embryos of equivalent category can be produced, as these females produce male 

eggs without Wolbachia. 
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DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION    

Structural conservation of tra and tra2 

We identified orthologs of the central sex determination genes tra and tra2 in the genomes of 

arrhenotokous and thelytokous A. japonica. Aj-tra has sex-specific splice variants consistent with 

other insects (Boggs et al., 1987; Pane et al., 2002; Ruiz et al., 2007b; Lagos et al., 2007; 

Hasselmann et al., 2008a; Concha & Scott, 2009; Verhulst et al., 2010a; Hediger et al., 2010; 

Schmieder et al., 2012; Shukla & Palli, 2012a; Morrow et al., 2014; Peng et al., 2015; Jia et al., 

2016; Laohakieat et al., 2016), but whereas tra2 normally does not exhibit sex-specific splicing, 

we found Aj-tra2 to be sex-specifically spliced. In addition, Aj-tra exhibits additional non-sex-

specific isoforms that contain a duplication of sequences coding for the CAM domain, which has 

a putative role in the splicing autoregulation of tra. A similar feature was found in the 

transformer splice forms of A. tabida (Chapter 4), in which TRA variants also possess a putative 

copy of the CAM domain adjacent to a short arginine-serine region. In A. tabida these additional 

splice variants had a much shorter transcript, with an alternate poly-A tail compared to the sex-

specific splice variants (Chapter 4). In A. japonica these transcripts appear to share the same C-

terminal exons as Aj-tra
F 
and Aj-tra

M
. These alternative splice variants, conserved between the 

two Asobara species, may be involved in tra regulation as well. The transcripts of these extra 

forms are present in all assessed developmental stages of both females and males. Moreover, 

the presence of transcripts containing a CAM-like domain in males has not yet been 

documented for any other insect and hints at additional complexity of the sex determination 

pathway. 

 The structure of TRA2 is conserved in A. japonica compared to other insects, with an 

RBD domain flanked by two arginine/serine regions on either side. An unexpected feature was 

found in the N-terminal arginine/serine region. This region consists of different lengths of an SR-

rich region, as a result of differential splicing. The shortest SR-rich region is primarily found in 

males and the longest only in females. The N-terminal arginine/serine region in TRA2 is a more 

potent splicing activator (Sciabica & Hertel, 2006). A splice variant unique to females is a novelty 

for the presumed highly conserved tra2. It is maternally provided to the embryos, but appears 

absent during early larval development of females (24-26h and 48-52h). This could suggest a 

function in oogenesis and early embryogenesis, in which case the signal from the adult female is 

potentially germline-restricted. 

 Though specific domains and regions within the tra and tra2 genes are conserved 

between the two Asobara species, the overall sequences are strongly diverged (Table 6.1). This 

sequence divergence is reflected in changes in splicing. The short non-sex-specific transcripts of 

A. tabida tra (At-tra
NSS

) with an alternative polyA-tail are suggested to be a derived feature, as 

their parallel transcripts in A. japonica still demonstrate an extended 3’UTR. The sex-specific 

splicing of Aj-tra2 is not seen in A. tabida, where in fact no alternative splicing of tra2 is present. 

Additional data from closely related species would be required to distinguish whether this is a 

loss in A. tabida or a gain in A. japonica. 
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Alternative maternal provision 

The N. vitripennis MEGISD model for sex determination consists of a maternally silenced 

womanizer factor (Verhulst et al., 2013) combined with the maternal provision of female-

specific tra mRNA (Verhulst et al., 2010a) and non-sex-specific tra2 mRNA (Chapter 3). 

Womanizer is imprinted on the maternal genome and ensures male development in haploid 

unfertilized eggs. Its paternal equivalent is not silenced and activates female-specific tra splicing 

in diploid fertilized eggs. In arrhenotokous A. japonica an epigenetic distinction between the 

maternal and paternal chromosome would be required to start autoregulation of the female 

developmental pathway in diploid fertilized eggs (Figure 6.8). This potential paternally active 

factor initiating the female sex determination cascade cannot be identified in the current study. 

The other requirement, a combination of tra and tra2 mRNA provided by the mother to her 

eggs, displays unique patterns in the A. japonica system. 

A key feature of the Asobara system is the absence of maternally provided female-

specific tra mRNA in eggs, which in all studied insects (with the exception of A. mellifera and D. 

melanogaster) serves as the maternal effect factor in sex determination. The lack of maternal Aj-

tra
F
 provision in arrhenotokous wasps suggests an alternative activator of the tra autoregulatory 

loop to direct female development in A. japonica (Figure 6.8). This is consistent with the pattern 

in arrhenotokous A. tabida (Chapter 4), which do not provide At-tra
F 
to their eggs. As proposed 

for A. tabida (Chapter 4), the maternally provided non-sex-specific splice forms of tra, that 

contain an alternative CAM domain, may serve as the start of the autoregulatory loop. 

Tra2 is more conserved than tra in its shared role as maternally provided activator of 

the female developmental pathway. A. japonica provides all splice variants of tra2 to its eggs, 

but particularly Aj-tra2
B
 and Aj-tra2

D
, the latter of which is not found back in males after the 

earliest developmental stages. This maternal input suggests a switch in role from tra to tra2 as a 

female-specific cofactor activating the sex determination cascade. The female-specific Aj-tra2 

mRNAs however do not appear to be necessary in maintaining the female-specific 

autoregulation of tra, as they disappear after 12-14 hours of development. The difference 

between the TRA2 isoforms is not as distinct as the difference between TRA male and female 

isoforms. Where male tra mRNA codes for a premature stop-codon before the CAM domain, 

caused by a frameshift due to the inclusion of male-specific exons, all tra2 versions contain a 

complete ORF. One interpretation of these results is that each isoform has kept some 

functionality, but their interaction with TRA or other targets may differ. 

 

Wolbachia effect on tra and tra2 regulation 

Splicing patterns of Aj-tra2 do not differ between thelytokous and arrhenotokous wasps, neither 

during embryonic development nor adulthood. Furthermore, maternal provision of Aj-tra2 

transcripts does not change upon removal of Wolbachia infection (Figure 6.8). It suggests that 

Wolbachia does not interfere with Aj-tra2 in the sex determination cascade to feminize the 
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thelytokous offspring. This is consistent with the proposed other role of tra2 in early 

developmental processes. In other Hymenopterans inhibition of tra2 maternal input or early 

zygotic transcription leads to high lethality (Nissen et al., 2012) (Chapter 3). If Wolbachia would 

start manipulating maternal provision of tra2 it could interfere with its other functions and lead 

to increased mortality of infected individuals in early development. Instead Wolbachia appears 

to target maternal Aj-tra, which in thelytokous Wolbachia infected individuals is maternally 

provided as female-specific transcripts. If Wolbachia is removed, there is no maternal input of 

Aj-tra
F
 and only non-sex-specific transcripts of Aj-tra are provided. Splicing patterns of Aj-tra in 

adults suggest an overexpression of Aj-tra in infected thelytokous females, specifically of Aj-tra
F
. 

This is evident from a completely biased amplification of Aj-tra
F
 in these individuals. However, if 

only the male-specific splice variants are amplified, some product is still obtained, suggesting 

that splicing cannot be completely altered by Wolbachia. This pattern matches the traA splicing 

of the L. clavipes system (Chapter 5). It is at this moment not yet clear whether Wolbachia 

targets the splicing mechanism of Aj-tra or enforces an elevated expression of Aj-tra. 

    

Mechanism of Wolbachia feminization 

Wolbachia is operating in A. japonica according to a two-step model (Ma et al., 2015). The first 

step is diploidization of the haploid gamete, which results in the development of diploid males. 

An elevated Wolbachia titer can ensure additional feminization, resulting in diploid female 

development. This suggests that the threshold of Aj-tra
F
 is dependent on Wolbachia titer to 

exert its feminizing effect. A lowered titer of Wolbachia in the female germline would then 

result in an absence or reduction of Aj-tra
F
 provision, leading to diploid male or gynandromorph 

offspring. Notably, it is not possible to detect gynandromorphism in A. japonica, as the presence 

of an ovipositor is the only external morphological distinction between females and males (Ma, 

unpublished data).     

 The mechanism with which Wolbachia induces thelytoky in A. japonica could consist of 

one or multiple elements. In its simplest form, the maternal input of tra
F
 alone would be 

sufficient to start and maintain female development. If an autoregulatory mechanism on tra 

exist in A. japonica to enforce zygotically transcribed tra
F
, an introduction of tra mRNAs and/or 

TRA protein in the pre-zygotic transcription stage could be sufficient to start this loop. However, 

as another potentially paternally activated factor would be necessary to start tra
F
 in 

arrhenotokous female development, a more complicated system could be present in the 

thelytokous mode as well. If the same activator of the arrhenotokous female mode is needed in 

the thelytokous system, Wolbachia should remove the imprinted signal of the maternal 

genome, as thelytokous reproduction occurs without a paternal genome. 
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Figure 6.8.Figure 6.8.Figure 6.8.Figure 6.8. Model of the sex determination cascade in arrhenotokous and thelytokous A. japonica compared to N. 

vitripennis and A. mellifera. Diploid female development is depicted starting from an heterozygotic genetic primary 

signal in A. mellifera and a proposed imprinting difference between the parental chromosome sets in N. vitripennis 

and A. japonica. The heterozygosity between the paternal and maternal chromosome of A. mellifera is illustrated 

by the different colours and the epigenetic differentiation between the paternal and maternal chromosome of N. 

vitripennis is illustrated by the dotted and solid lines around the chromosome sets. Arrhenotokous and 

thelytokous chromosomes of A. japonica are depicted in different colours and the proposed epigenetic difference 

between paternal and maternal chromosome set is depicted alike the N. vitripennis illustration. Maternal mRNA 

transcripts provided to the embryo are displayed for tra (fem
F
 is not maternally provided) and tra2. A proposed 

cascade of female sex determination displays the different isoforms activating tra
F
 transcription, followed by the 

complex of TRA
F
(FEM

F
)/TRA2 regulating the splicing of dsx in the female mode. 

 

The way in which Wolbachia manipulates the sex determination cascade is not known. 

Recent studies have revealed that Wolbachia can use host microRNAs (miRNAs) to manipulate 

their host. Such miRNAs can affect cellular localization of an Argonaut protein (Hussain et al., 

2013; Zhang et al., 2013). Argonaut proteins are involved in a wide array of cellular processes, 

which include cell division and transposon control
 
(Carmell et al., 2002; Thomson & Lin, 2009). 

Epigenetic regulation of host processes by methylation may be another possibility. Negri et al. 

(2009) and Ye et al. (2013) reported that Wolbachia changed the methylation state of the 

genomes of Wolbachia-infected hosts indicating a reprogramming of imprinting. It is however 

unknown to what extent Wolbachia manipulate host reproduction by altering gene expression 

or splicing through miRNAs and DNA methylation. As epigenetic effects are known to play a role 
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in hymenopteran sex determination
 
(Verhulst et al., 2010a), manipulating methylation patterns 

may be a way for Wolbachia to control the sex determination pathway of its host. Methylome 

sequencing of ovipositing females and transcriptomic comparisons of early embryos are 

required to identify candidate genes and pathways for Wolbachia to act upon. 
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The conserved outcome of sex determination, i.e. two distinctly differentiated sexes, is in sharp 

contrast with the underlying wealth of genetic mechanisms and genes involved. It is also 

remarkable how endosymbionts can seemingly easily take over control of sex determination 

mechanisms to enhance their own transmission. Two central questions that I have addressed 

throughout this thesis are (1) to what extent is there conservation in the insect sex 

determination cascade and (2) how can endosymbionts interfere with the expression of key sex 

determination genes? 

    

Identification of sex determination genesIdentification of sex determination genesIdentification of sex determination genesIdentification of sex determination genes    

The emergence and establishment of Next Generation Sequencing (NGS) techniques facilitates 

the discovery of sex determination genes. These comprise orthologs of known sex 

determination genes, transformer (tra), transformer-2 (tra2) and doublesex (dsx), in new study 

systems as well as new candidate genes in the sex determination cascade. Orthologs of tra and 

dsx can easily evade detection by PCR with degenerate primers due to their fast sequence 

divergence. Conserved TRA/TRA2 binding sites have aided detection in Diptera, but knowledge 

of such conserved motifs is lacking in other insect orders. Identification of primary signals (on 

top of the cascade) is an even more challenging endeavour because of lack of conservation at 

this level of the cascade as each species or closely related group of species may have another 

gene as its primary signal. 

A significant number of discoveries have been made since the putative detection of tra and dsx 

homologs that we reported in Chapter 2, marking a period of less than three years. Tra 

homologs were detected in various Hymenoptera (Jia et al., 2016) and investigations were 

started for presence of possible tra homologs outside insects, resulting in the identification of a 

tra homolog without sex-specific splicing in the hemichordate Saccoglossus kowalevskii (Suzuki 

et al., 2015). Possible orthologous dsx sequences were identified across a range of hexapod 

species (Price et al., 2015). A notable lack of sex-specific dsx splicing was found in Sciara flies, 

which display alternative dsx splice forms that are present in both sexes (Ruiz et al., 2015). 

Seemingly every newly examined species reveals new features in sex determination regulation, 

which calls for an extensive screen of the conservation of the sex determination cascade and the 

functionality of the genes therein. 

Our studies in Asobara tabida (Chapter 4), Asobara japonica (Chapter 6) and Leptopilina clavipes 

(Chapter 5) were facilitated by the assembly of genomic and transcriptomic datasets. The 

combination of these genomes and transcriptomes with molecular identification of transcripts 

ensures correct identification of sex determination genes as variable as tra and dsx (see box 

7.1). Whereas the availability of genomes and transcriptomes allowed us to identify the sex 

determination genes tra, tra2 and dsx, it did not enable us to identify primary signals in these 

species. Upstream additions to the sex determination cascade may only be conserved within 

closely related species and no homologs of any candidate primary signals are found in these 

hymenopterans. Still, genome sequence screening yielded a novel addition to the cascade in L. 
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clavipes, the duplication transformerB (traB), but this gene requires functional testing before its 

putative role as primary signal in the sex determination mechanism can be confirmed. Possible 

approaches are parental RNA interference (pRNAi) to assess its necessity as a maternally 

provided mRNA, and Yeast-2-Hybrid assays to examine a possible protein-level interaction with 

tra2. In general, the identification of primary signals requires comparative transcriptomics, and 

potentially short RNA screens, of early embryos of the study species. 

 

Conservation and evolution of the insect sex determination cascadeConservation and evolution of the insect sex determination cascadeConservation and evolution of the insect sex determination cascadeConservation and evolution of the insect sex determination cascade    

The central switch of insect sex determination mechanisms directs development into the female 

or male mode (Bopp et al., 2014). In insects, three key genes known to be functionally 

conserved in this process are tra, tra2 and dsx. The presence of this switch is required for the 

proper development of two sexes in a sexually reproducing species. As asexual reproduction 

requires at least the possibility of female differentiation, presence of female-determining 

elements of the sex determination cascade are expected, such as ensuring the maintenance of 

functional TRA by autoregulation of female specific tra mRNA splicing. 

 Sex determination studies on haplodiploid species were at the start of this project 

limited to the Complementary Sex Determination (CSD) mechanism of Apis mellifera and the 

Maternal Effect Genomic Imprinting Sex Determination (MEGISD) of Nasonia vitripennis. Screens 

for CSD within the Hymenoptera and the appearance of thelytokous parthenogenesis in many 

branches of the order suggested a wide variety of sex determination mechanisms, and 

potentially of sex determination genes. I aimed to identify the sex determination genes in 

various hymenopteran species and their regulation gain more insight in the evolution of 

haplodiploid sex determination mechanisms 

 The features of dsx, tra2 and tra are described in box 7.1. In this thesis I focus on the 

tra/tra2 level of the sex determination cascade, as dsx regulation appears conserved in 

Hymenoptera. We documented a conserved ortholog of dsx in A. tabida (Chapter 4) that 

features the characteristic sex-specific splicing of this sex determination switch gene (Table 7.1). 

Dsx does require further attention in these systems as it is the first element in the sex 

determination cascade that appears shared in functionality between all studied hymenopteran 

sex determination mechanisms. Its sequence with potential binding sites for the TRA/TRA2 

complex and the timing of its appearance in zygotic transcription may provide grips for further 

elucidation of sex determination mechanism. 

The often neglected tra2 has thus far only been studied in Apis mellifera among Hymenoptera 

(Nissen et al., 2012). This thesis adds conserved orthologs of tra2 in N. vitripennis (Chapter 3), A. 

tabida (Chapter 4) and A. japonica (Chapter 6). Within Asobara a remarkable pattern of female-

specific splicing of tra2 was found in A. japonica, but not in A. tabida. Moreover, tra2 sequences 

demonstrated limited conservation between these two species, indicating that even this 

previously considered conserved element of the sex determination cascade can show surprising 

variability. 
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Tra acts at the same level as tra2 in the sex determination cascade and the products of these 

two genes are suggested to form a protein/protein complex. Whereas tra2 is easily recognized 

by its high sequence conservation, tra is not when searching in sequence databases of (closely) 

related species. Only one motif in the TRA protein, the Ceratitis-Apis-Musca (CAM) domain 

(Hediger et al., 2010), is a discriminating feature. The CAM domain is shared between different 

insect orders that possess an autoregulatory loop of tra splicing and is notably absent from D. 

melanogaster tra (Kato et al., 2010), that has no tra autoregulation (Siera & Cline, 2008). 

Therefore, the CAM domain has been suggested to be a regulating motif for tra autoregulation. 

Indeed, male specific TRA isoforms containing a CAM-domain have not been documented in 

males of any insect species. A putative CAM domain is, however, present in non-sex-specific 

isoforms of TRA in A. tabida (Chapter 4), A. japonica (Chapter 6) and L. clavipes (Chapter 5). In 

both Asobara species the non-sex-specific tra (tra
NSS

) mRNAs are transcribed from the 

orthologous tra locus, while L. clavipes transcribes non-sex-specific sequences encoding a 

putative CAM domain at a paralogous locus. Aside from these non-sex-specific versions of tra, 

all three species possess female-specific tra
F
 and male-specific tra

M
 splice variants that match 

conserved patterns of tra splicing in Hymenoptera and other insects (Table 7.1). 

 

Maternal provision of sex determination genesMaternal provision of sex determination genesMaternal provision of sex determination genesMaternal provision of sex determination genes    

Maternal provision of female-specific tra and non-sex-specific tra2 mRNA by females to their 

oocytes is a conserved feature of insect sex determination. Maternal tra
F
 provision has been 

reported for Ceratitis capitata (Pane et al., 2002), the Anastrepha genus (Ruiz et al., 2007b), the 

Bactrocera genus (Lagos et al., 2007; Morrow et al., 2014), Lucilia cuprina (Concha & Scott, 

2009), Musca domestica (Hediger et al., 2010), and Tribolium castaneum (Shukla & Palli, 2012a), 

but it is not part of the CSD mechanism of Apis mellifera (Gempe et al., 2009). It is a central 

feature of the MEGISD mechanism of Nasonia vitripennis (Verhulst et al., 2010a). We found that 

maternal provisioning of tra
F
 mRNA is absent in A. tabida (Chapter 4) and in arrhenotokous 

individuals of A. japonica (Chapter 6) and L. clavipes (Chapter 5). Therefore, maternal provision 

of tra
F
 splice variants can no longer be considered a conserved feature in insect sex 

determination. The lack of maternal tra
F
 provisioning in Asobara and Leptopilina will however 

require a different explanation than the absence in A. mellifera. 

Alternative tra transcripts are maternally provided to arrhenotokous Asobara and Leptopilina 

oocytes. An intriguing option is that these splice variants would fulfill a role in activating zygotic 

tra transcription. The alternative tra maternal provision consists of the non-sex-specific tra 

splice variants in the investigated Asobara species (Chapter 4 and 6) and of traB in L. clavipes 

(Chapter 5 and discussed below). Table 7.1 provides an overview of different genes and splice 

forms present in males, females and embryos of various hymenopteran species. Complementary 

sex determination (CSD) has been excluded for A. tabida and A. japonica (Beukeboom et al., 

2000; Ma et al., 2013), suggesting a different role for non-sex-specific CAM domain encoding 
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TRA isoforms in these systems. Knockdown of these tra variants by pRNAi would illuminate a 

possible role in the activation of the female sex determination pathway. 

 In Hymenoptera maternal provision of tra2 occurs in A. mellifera, where it is required 

in early embryonic stages to regulate fem pre-mRNA splicing into the female mode in diploid 

eggs and into the male mode in haploid eggs (Nissen et al., 2012). Our pRNAi study in N. 

vitripennis (Chapter 3) demonstrates its conserved role in sex determination as a maternally 

provided component. The clear provision of tra2 in both A. tabida and A. japonica suggests that 

this maternal effect may be shared in all Hymenoptera. Tra2 is spliced into multiple forms in a 

large number of species, but this pattern is not sex-specific except for the male germline splice 

form in D. melanogaster (Mattox et al., 1990). A peculiar pattern of female-specific tra2 splicing 

emerged from our studies in A. japonica (Chapter 6). The longer tra2 splice forms are specifically 

present in the female A. japonica germline (M. van Leussen, unpublished data). Further studies 

are needed to assess how interactions between TRA and TRA2 have been modulated and 

whether these splice variants are interacting with other elements in the sex determination 

cascade. 

 

Duplications of Duplications of Duplications of Duplications of tratratratra    in Hymenopterain Hymenopterain Hymenopterain Hymenoptera    

Duplications of tra have thus far only been observed in the order of Hymenoptera (Hasselmann 

et al., 2008a; Schmieder et al., 2012; Privman et al., 2013; Koch et al., 2014). Recently, the 

superfamilies Chalcidoidea (Jia et al., 2016) and Cynipoidea (Chapter 5) families were added. It is 

unknown whether these copies, other than the csd gene of the honeybee, are involved in sex 

determination. No functional studies have been performed on e.g. ants or bumblebees. The 

paralog traB copy of L. clavipes, as well as the traB and traC copies in Ceratosolen solmsi (Jia et 

al., 2016), encode a putative CAM domain. An important distinction between these two species 

is that the tra paralogs of C. solmsi are female-specifically expressed, whereas the traB paralog 

of L. clavipes is present in all life stages of both sexes (Table 7.1). Conserved domains encoded 

on a paralogous locus are also seen in A. mellifera, where the complementary sex determiner 

(csd) gene transcribes splice variants resembling the female specific fem(tra) forms (Hasselmann 

et al., 2008a; Gempe et al., 2009). Even though L. clavipes shares with A. mellifera a duplication 

event of tra, L. clavipes appears to have a sex determination mechanism without 

complementary loci, based on its gamete duplication type of thelytoky and lack of increased 

male ratios under inbreeding (Pannebakker et al., 2004b) (K. Kraaijeveld, pers. comm.). 

Additionaly, in A. mellifera csd transcripts are not maternally provided, yet the paralogous traB 

transcripts in L. clavipes are maternally provided to all eggs (Chapter 5). Taken together, this 

suggests a different role for the tra duplication in L. clavipes compared to A. mellifera. 
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Box 7.1 The identification of Box 7.1 The identification of Box 7.1 The identification of Box 7.1 The identification of tra2tra2tra2tra2, , , , tratratratra    and and and and dsxdsxdsxdsx    and their everand their everand their everand their ever----transforming nomenclaturetransforming nomenclaturetransforming nomenclaturetransforming nomenclature    

The strong sequence divergence of tra and dsx leads to ambiguities in their identification and 

nomenclature. Duplications of tra complicate the identification of sex determination genes 

further. Newly identified genes in the sex determination cascade are often given similar names, 

due to their feminizing, masculinizing and transforming nature. This box discusses confusing 

patterns of sex determination gene nomenclature and explains how I have dealt with paralogs 

and putative absences of genes in this thesis. 

 

Recognition of tra2 

Tra2 is remarkably conserved compared to dsx and tra and is recognized by its RNA-binding 

domain (RBD). Despite their matching names, tra and tra2 have no known shared origin and 

their nomenclature is based on their roles in Drosophila sex determination. The high 

conservation of tra2 could be related to its functions in early development other than sex 

determination, as it is involved in spermatogenesis in D. melanogaster (Hazelrigg & Tu, 1994; 

Madigan et al., 1996; Mattox et al., 1996) and embryogenesis in A. mellifera (Nissen et al., 2012) 

and N. vitripennis (Chapter 3). Furthermore, the role of tra2 in sex determination is functionality 

conserved in species seemingly lacking a tra ortholog (Suzuki et al., 2012). Tra2 and tra interact 

to form a protein-complex in D. melanogaster (Amrein et al., 1994), which binds to a regulatory 

element on the dsx gene (Hedley & Maniatis, 1991; Inoue et al., 1992; Tian & Maniatis, 1992). It 

has not been assessed whether tra2 orthologs have a higher conservation in species that also 

carry tra, or contain particular sequence elements, compared to species that apparently lack tra. 

 

Recognition of dsx 

Dsx is characterized by its combination of a N-terminus DNA-binding motif dsx/mab3 (DM) 

domain with a oligomerization domain (OD1) and a second C-terminus oligomerization (dimer) 

domain (OD2) (reviewed in Verhulst & van de Zande (2015)). The DM domain is not unique to 

dsx and is also found in other genes. Reconstructing their evolutionary relationship is 

complicated by the lack of sequence similarity apart from the DM domain. Collectively, they 

form the class of Dmrt transcription factors that are present throughout Metazoans and play a 

role in establishing sexual dimorphisms (Kopp, 2012). The distinction between dsx and other 

Dmrt genes is based on the second dimer domain that is unique to dsx and characterized by 

divergent sex-specific isoforms. Yet, the absence of a OD2 domain can be overlooked and sex-

specific splicing is either not tested or not viewed as an identifier of dsx. This has led to some 

unreliable characterizations of dsx, the most persistent of which is the Daphnia dsx conundrum. 

Daphnia possess two genes which resemble dsx (Kato et al., 2011; Toyota et al., 2013), but the 

alignments of its potential OD2 domain do not show conservation alike the strong similarity 

between insect DSX isoforms. Furthermore, neither copy displays sex-specific splicing. The DM-
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domain genes of these crustaceans appear as a separate clade in gene trees of Dmrt homologs 

(Wexler et al., 2014). The assignment of dsx may need to be restricted to insects and requires 

the presence of sex-specific splicing and, consequently, the presence of sex-specific OD2 

domains. 

 

Recognition of tra 

Whereas dsx can at least be recognized by two specific regions (DM and OD), this unfortunately 

cannot be said for tra. The CAM domain is found in all studied insect species containing a tra 

ortholog, except Drosophila, thus allowing some discriminatory classification (Verhulst et al., 

2010b). The Drosophila exception straight away complicates matters, as its CAM domain 

absence appears to result from the addition of an upstream element of autoregulation (sxl) to 

the sex determination cascade (Bopp, 2010). This particular addition has not been found outside 

of Drosophila, but with the tendency of the sex determination cascade to evolve upwards 

(Wilkins, 1995) in mind, the addition or incorporation of new upstream elements may occur in a 

variety of ways. Drosophila tra has the characteristic Diptera-specific (DIP) domain that has 

subsequently been identified in all dipteran species thus far. Even the dipteran, Phlebotomus 

papatasi, whose candidate tra appears to lack the CAM domain (Chapter 2), putatively 

possesses the DIP domain. Hymenoptera have another order-specific domain (HYM), which does 

not display any similarity in amino acid sequence with its dipteran counterpart. The function of 

both the HYM domain as well is the DIP domain is unknown. The HYM domain is present in all 

hymenopteran tra homologs, irrespective of whether these homologs have an apparent 

orthologous function or a potential paralogous function from duplicated origin. In all insects, 

two regions are common in tra: an arginine-serine and a proline-rich region. However, these 

motifs are also abundantly present in other genes and, as such, do not aid in tra identification 

without additional information about the order-specific domain or the CAM domain. 

 

Duplications of tra 

Paralogous tra sequences can be highly conserved, as is for example the case for the duplicates 

tra and traB in L. clavipes (Chapter 5). The presence of sex-specific splicing can be the first 

discriminating factor to assign a putative orthologous relationship. Tra in L. clavipes is spliced 

into a male and a female mode, whereas traB does not undergo sex-specific splicing. A similar 

pattern is found in the fem and csd pair of A. mellifera, where fem has sex-specific splicing, yet 

csd, despite containing all tra characteristic domains, displays only minor differences between 

its two forms (one predominant and one rare) (Beye et al., 2003; Hasselmann et al., 2008a). Csd 

genes which possess an actual CSD function also code for a specific hypervariable region that 

contains asparagine- and tyrosine-enriched repeats, which are responsible for the high allelic 

variation at this locus (Hasselmann et al., 2008b). Thus far no duplicates of tra have been found 

that exhibit sex-specific splicing and the hypervariable csd region has not been documented 

outside Apis species. Functional studies of tra duplicates are needed to determine their 
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potential role in sex determination and the evolutionary history of sex determination genes in 

the different branches of Hymenoptera. 

Gene-pairs of putative tra orthologs and their paralogous copies have thus far been named 

traA/traB (Wurm et al., 2011; Privman et al., 2013), fem/csd (Schmieder et al., 2012), and 

fem/fem1 (Koch et al., 2014). The nomenclature of fem and csd is characteristic for A. mellifera 

and closely related species. In these systems the csd gene performs the complementary function 

for sex determination. Applying this nomenclature in ants and other less related species seems 

premature, as there is no indication that the traB/csd/fem1 paralog actually fulfills a csd 

function. An argument against csd functionality is that the hypervariable region of Apis csd is 

consistently absent in these tra duplicates (Koch et al., 2014). The nomenclature of fem in 

Hymenoptera may be more fitting, due to apparent conservation of its feminizing function in 

this order. It may however be wise to limit this to CSD systems, or change its name to tra for the 

entire Hymenoptera, as the Drosophila designation of tra predates fem. Fem nomenclature was 

recently further complicated by the discovery of a feminizing gene in Bombyx mori, which was 

inconveniently named feminizer (Kiuchi et al., 2014). The fem/fem1 use, suggested by (Koch et 

al., 2014), may thus not be the best option if functionality has not been determined and other 

insect sex determination genes are called fem as well. The plurality of genes called fem has 

already resulted in publications of the wrong fem (i.e. fem-1 of Caenorhabditis elegans) in 

Diachasmimorpha longicaudata (Mannino et al., 2016). This leaves the traA/traB (and traC (Jia 

et al., 2016)) nomenclature as the best option in cases where tra functionality is not yet known. 

Paralogs of tra ought to be separated by alphabetical markings, as numerical distinctions will 

overlap with tra2. In studies that have evidence for which copy is orthologous to tra of other 

insects, this gene-pair may be called tra/traB, as we did in Chapter 5 for L. clavipes. 

 

Absence of tra 

While the identification of multiple tra copies has its technical difficulties, a possible lack of tra is 

even harder to pinpoint. Some homology with previously described tra sequences is necessary 

to infer new orthologs, as all canonical tra share both CAM or order-specific domains, and a sex 

determination function through its interaction with tra2. A gene with similar functionality, but 

no traceable ancestry to annotated tra orthologs requires a different name, but can be grouped 

in the tra-like gene family. 

Suggested absences of tra have thus far been reported for Lepidoptera and species in the 

Nematocera lineage of the Diptera (Mita et al., 2004; Salvemini et al., 2013) (Chapter 2). These 

groups have a large evolutionary distance to study systems in which tra has been identified. 

There are only two lepidopteran genera whose sex determination system has been investigated 

in any detail, the silk moth B. mori and Ostrinia moths (discussed in the main text of this 

chapter). If tra is present in Lepidoptera, it may contain a yet unknown Lepidoptera-specific 

domain. As no CAM-domains have been detected in Lepidoptera, a possible tra-like candidate 

may only be identified from its potential interaction with tra2. Tra2 in B. mori does not control 
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the sex-specific splicing of dsx pre-mRNA (Suzuki et al., 2012), an important distinction from the 

function of tra2 in Diptera and Hymenoptera. Thus, evolution of the sex determination cascade 

of B. mori, and maybe of the Lepidoptera as a whole, may have taken an entirely different route 

at the TRA/TRA2 transduction level, potentially leading to a loss of tra. 

The second possible case of tra absence occurs in branches of the Nematocera, the dipteran 

clade that comprises mosquitoes. Extensive genomic and transcriptomic data are available for 

genera such as Anopheles, Aedes and Culex. Yet, no homology with other dipteran tra can be 

detected (Chapter 2). Inferring conservation of the sex determination cascade is trickier in 

Nematocera, as no studies have been performed on tra2. These systems still contain a black box 

between the primary signal/upstream factors and the conserved dsx at the bottom of the 

cascade. 

 Tra may be recruited in the sex determination cascade at the start of the 

holometabolous insects (Chapter 2). Homologs of tra or traces of CAM domains appear in some 

groups outside the holometabolous insects, often at great evolutionary distance. Two systems 

have been studied in detail: tra expression during development in Daphnia (Kato et al., 2010; 

Chen et al., 2014; Kong et al., 2015) and the functional analysis of a tra homolog in the acorn 

worm S. kowalevskii (Suzuki et al., 2012). Unlike the ambiguity in the Daphnia dsx sequences, 

these putative tra genes do possess a CAM domain and arginine-serine regions. A lack of sex-

specific tra splicing, and no sex reversal after knockdown of tra in S. kowalevskii, suggests that 

these genes are not part of sex determination in these species. These tra-like genes may form a 

distinct clade, alike the Daphnia dsx-like clade described above, which may need to be reflected 

in the nomenclature. 

The Hymenoptera provide an exciting possibility to study evolutionary loss (and gain) of tra. Tra 

homologs, often multiple per species across families (unpublished data), can be detected 

relatively easily in Hymenoptera due to their conserved combination of the HYM domain and 

the CAM domain. This pattern of tra presence appears to hold for all branches of Hymenoptera, 

except one sawfly superfamily. The transcriptome of Tenthredo koehleri (Misof et al., 2014) does 

not contain tra homologs and this pattern extends to other Tenthredoidea (unpublished data). 

Tra2 is conserved in these species. Evolutionary distances are large, 250 MYA, but the ubiquity 

of tra in other hymenopteran lineages (unpublished data) and the appearance of CSD in this 

superfamily (van Wilgenburg et al., 2006) make the tenthredoidid branch of great interest for 

further study into the evolutionary history of tra. 
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Additional functions of Additional functions of Additional functions of Additional functions of tratratratra    and and and and tra2tra2tra2tra2    

Whereas the insect sex determination pathway is described as a linear cascade, more 

interacting components have been identified in vertebrate systems, resulting in elaborate gene-

regulatory networks (Herpin & Schartl, 2015). Sex-specific splicing regulation appears to be a 

hallmark of insect sex determination. The sex-restricted splice forms of sex determination genes 

might limit additional functionality in developmental programs. Tra2 is notably not sex-

specifically spliced and indeed appears to have other functions in embryogenesis of A. mellifera 

(Nissen et al., 2012) and N. vitripennis (Chapter 3). The abnormal alternative splicing of tra2 in A. 

japonica (Chapter 6), strikingly absent in its close relative A. tabida (Chapter 4), could relate to 

this function in embryogenesis as the longer splice forms disappear during larval development. 

Preliminary results, however, indicate little or no effect of tra2 pRNAi knockdown on 

embryogenic development in A. japonica, whereas its critical role as maternally provided sex 

determination gene has remained intact (unpublished data). Oogenesis did not appear impaired 

and suggests that tra2 in A. japonica does not have a similar function in spermatogenesis of tra2 

in D. melanogaster, the single other case of sex-specific tra2 splicing (Mattox & Baker, 1991; 

McGuffin et al., 1998). 

 The only known targets of tra are the transcription factors dsx and fruitless (fru) 

(Hoshijima et al., 1991; Inoue et al., 1992; Heinrichs et al., 1998) and until recently no 

functionality of tra apart from downstream sexual differentiation had been detected. Rideout et 

al. (2015) demonstrated effects of tra on D. melanogaster body size independently of dsx and 

fru, indicating a different branch in the tra regulatory network. It is not yet known whether this 

function is restricted to Drosophila or whether it is a conserved feature of more insect groups. 

The strong sequence divergence of tra may, however, also indicate a limited conservation of 

potential ancillary functions. Hints at additional tra functions do exist, e.g. in diapause induction 

of tra, but not tra2, after pRNAi in N. vitripennis (unpublished data). Further study of the 

regulatory functions of tra is clearly needed. 

The diploid mortality upon tra and tra2 knockdown in N. vitripennis (Chapter 3) may at first sight 

indicate additional tra and tra2 functionality. Reduction of tra mRNA levels however did not 

impact haploid mortality. Tra2 seems to have two separate mortality effects: one independent 

of tra in embryogenesis, and a second causing diploid mortality alike the one observed for tra 

knockdown. Many questions about the roles of tra and tra2 in development remain open, and 

this is a promising area for future research in evo-devo.  

 

Sex determination in Sex determination in Sex determination in Sex determination in AsobaraAsobaraAsobaraAsobara    and and and and LeptopilinaLeptopilinaLeptopilinaLeptopilina    

CSD has been excluded for Asobara species (Beukeboom et al., 2000; Ma et al., 2013) and 

deemed highly unlikely in L. clavipes based on a lack of male-biased sex ratios in highly inbred 

lineages (K. Kraaijeveld, pers. comm.). Our results obtained for A. tabida, A. japonica and L. 

clavipes may fit the MEGISD model, albeit with modifications, as these species lack a number of 

discriminating features compared to Nasonia. 
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First, tra
F
 maternal provision is not required for female development of diploid fertilized eggs. 

Other maternally provided factors may fulfill this role, but are likely distinct from the 

autoregulatory function of tra
F
. RNAi studies should shed light on the maternal effects involved 

in Asobara and Leptopilina sex determination. If tra knockdown in arrhenotokous females would 

lead to diploid male development it could indicate that tra
NSS

 is involved in sex determination. 

Furthermore, it would group this potential mechanism as one including a maternal effect 

component, wherein the action of this maternal effect is switched from maternal provision of 

tra
F
 mRNA to alternative forms. 

Second, in light of the cascade evolving upward, it appears unlikely that the primary signals will 

be shared between Asobara, Leptopilina and Nasonia. A. tabida and A. japonica may use the 

same primary signal, though the lack of tra sequence conservation may hold surprises. Either a 

fertilization factor (e.g. a short RNA) provided with the spermatozoa upon fertilization or a 

paternal chromosome set holding a gene similar to womanizer may be required to start female 

development. Whichever gene womanizer codes for in Nasonia, its feminizing function may be 

provided by another gene in Asobara and L. clavipes. The regulatory complex that is responsible 

for the imprinting of womanizer-like genes need to be characterized before more conclusions 

can be drawn about the conservation of the upstream components in the sex determination 

cascades of these hymenopterans (see box 7.2 for a discussion on the possible regulatory 

mechanisms on epigenetic control of sex determination). 
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Box 7.2 DNA methylation as a possible epigenetic control of sex determinationBox 7.2 DNA methylation as a possible epigenetic control of sex determinationBox 7.2 DNA methylation as a possible epigenetic control of sex determinationBox 7.2 DNA methylation as a possible epigenetic control of sex determination    

 

Imprinting mechanisms in sex determination 

Sex determination in haplodiploid species can be governed by either the allelic state of one or 

multiple, so called complementary sex determination (CSD) loci, or alternative signals. One 

alternative model of haplodiploid sex determination is genomic imprinting sex determination 

(GISD) (Poirie et al., 1992; Beukeboom, 1995), it is based on epigenetic differences between the 

maternal and paternal chromosome set. To determine whether DNA methylation as epigenetic 

control of sex determination is possible in Asobara and Leptopilina, their genomes were 

searched for the presence of potential DNA methyltransferase genes. 

 

DNA methylation in insects 

DNA methylation is one of the most widespread forms of epigenetic modification (Suzuki & Bird, 

2008; Jones, 2012) and has been documented for many insect genomes (Glastad et al., 2011, 

2014). DNA methyltransferases (DNMTs) are considered to be key factors responsible for DNA 

methylation (Goll & Bestor, 2005). Dnmt1 is implicated in DNA methylation maintenance during 

cell division cycles. Conversely Dnmt3 is suggested to be a de novo methyltransferase indicating 

that it creates new methylation patterns (Goll & Bestor, 2005). Both Dnmt1 and Dnmt3 vary in 

their copy number, even within insects (Glastad et al., 2011). Dnmt3 consists of 2 copies in the 

hemipteran Acyrthosiphon pisum (The International Aphid Genomics Consortium, 2010; Walsh 

et al., 2010), but is otherwise detected as a single homolog. More variation is present in the 

copy number of Dnmt1, which switches even in Hymenoptera from a single copy in various ant 

species (Bonasio et al., 2010; Smith et al., 2011a, 2011b; Suen et al., 2011; Wurm et al., 2011) to 

two copies in the honeybee A. mellifera (Wang et al., 2006) to three copies in the wasp N. 

vitripennis (Werren et al., 2010). 

In insects, absence of Dnmt1 orthologs has thus far only been recorded for a number of dipteran 

species (Hung et al., 1999; Tweedie et al., 1999; Holt et al., 2002; Nene et al., 2007), in which 

case they also all lack Dnmt3. In both early embryos and the adult stage of Drosophila 

melanogaster, DNA methylation appears absent, just as in adults of T. castaneum (Zemach et al., 

2010; Raddatz et al., 2013). The latter does possess a Dnmt1 ortholog, but, again, misses a 

Dnmt3 copy (Richards et al., 2008; Zemach et al., 2010). Dnmt3 losses are widespread in 

holometabolous insects, including the branch containing Coleoptera, Diptera and Lepidoptera 

(Glastad et al., 2011). Furthermore, losses of Dnmt3 have been recorded for the order 

Phthiraptera in the paraneopteran insects (Kirkness et al., 2010; Werren et al., 2010). Absences 

of hymenopteran Dnmt3 genes were documented in the paper wasps Polistes canadensis and 

Polistes dominula (Patalano et al., 2015; Standage et al., 2016). The syntenic region of the latter 
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species revealed conservation with the A. mellifera Dnmt3 region, but only the Dnmt3 gene 

itself was missing (Standage et al., 2016). 

Dnmt2, also known as tRNA aspartic acid methyltransferase 1 (Trdmt1), uses the conserved DNA 

methyltransferase mechanism to methylate tRNA instead (Goll et al., 2006; Jurkowski et al., 

2008). Species which only possess Dnmt2 appear to lack detectable methylation patterns 

(Raddatz et al., 2013). Dnmt2 is not considered a candidate gene for epigenetic control of sex 

determination based on these features. Furthermore, its presence appears to be conserved in 

all Hymenoptera, which indicates a different function (unpublished data). This leaves Dnmt1 and 

Dnmt3 as possible candidates for epigenetic regulation in sex determination and the presence of 

these genes was investigated for the hymenopteran species described in this thesis. 

 

The role of DNA methylation in development of Hymenoptera 

Caste-specific patterns of methylation were observed in various social Hymenoptera (Lyko et al., 

2010; Bonasio et al., 2012). Studies in these systems link DNA methylation patterns to 

alternative splicing (Bonasio et al., 2012; Foret et al., 2012). Knockdown of Dnmt3 expression in 

A. mellifera larvae that would otherwise develop into worker bees resulted in queen-like 

development (Kucharski et al., 2008). Furthermore, RNA interference of Dnmt3 in adult 

honeybees changed splicing patterns, particularly linked to exon skipping and intron retention 

(Li-Byarlay et al., 2013). 

Though different methylation patterns were associated to caste determination, no link has yet 

been shown to sex determination. Interesting candidates are the multiple Dnmt genes of N. 

vitripennis (Werren et al., 2010). In N. vitripennis, Dnmt1a,c and Dnmt3 mRNA are provided 

maternally to the embryo and Dnmt1a is essential for early development (Zwier et al., 2012). 

Knockdown of maternal mRNA provision of Dnmt1a, however, did not change sex-specific 

splicing of the key sex determination genes tra and dsx. This does not exclude a possible role of 

Dnmt genes in sex determination in Nasonia or other systems, as the relative importance of 

different Dnmt genes is unknown and their presence, copy number and functionality display 

high variability. 

 

Presence and absence of Dnmt genes in Braconidae  

Asobara tabida and Asobara japonica do not possess the complete toolkit for DNA methylation. 

Tblastn searches with hymenopteran Dnmts only identified Dnmt3 homologs; one copy in each 

species. Despite the lack of Dnmt1, which is the DNA methyltransferase that is presumed to be 

responsible for methylation maintenance, the occurrence of global DNA methylation in adult A. 

tabida was confirmed by measuring genome-wide levels of 5-methylcytosine (A. de Haan, 

unpublished data). 

 To assess whether a possible absence of Dnmt1 is restricted to the Asobara genus or a common 

feature of the braconid family we searched the published transcriptome of Cotesia vestalis 

(Misof et al., 2014) using tblastn for Dnmt homologs. A homolog of Dnmt1 (GAUP02012000 and 
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GAUP02010942) was detected, but no homolog of Dnmt3, suggesting multiple losses of Dnmts 

in the family of Braconidae. 

 

Presence and absence of Dnmt genes in the Leptopilina genus and beyond 

We searched the genome of Leptopilina clavipes (Kraaijeveld et al., 2016) for Dnmt homologs. 

No sequence similarity was found for Dnmt3, however, L. clavipes does possess a single Dnmt1 

homolog. This single Dnmt1 copy is in stark contrast to the three Dnmt1 genes in its closest 

relative N. vitripennis (Werren et al., 2010), again indicating the variability in Dnmt genes 

presence and number. The transcriptomes of L. clavipes (Misof et al., 2014), Leptopilina 

heterotoma and Leptopilina boulardi (Goecks et al., 2013) were screened for Dnmt3 homologs. 

None were detected, suggesting an absence of Dnmt3 in the entire Leptopilina genus. Other 

species of Hymenoptera, e.g. Orussus abietinus and Tenthredo koehleri (Misof et al., 2014), 

possess homologs of Dnmt1 and Dnmt3. However, Xyela alpigena (Peters et al., 2014) in the 

most basal family (Xyelidae) (Peters et al., 2011), appears to lack both Dnmt1 and Dnmt3. As 

Leptopilina, Cotesia and Xyela are independent branches of Hymenoptera (see Figure 1 in 

Chapter 1), this would indicate that Dnmt3 has been lost multiple times in the order of 

Hymenoptera. Moreover, the apparent absence of Dnmt1 in Xyela and Asobara suggests 

multiple secondary losses of this DNA methyltransferase gene as well. 

 

DNA methylation toolkits and functionality of methylation 

Absence of DNA methylation genes does not necessarily imply an absence of DNA methylation 

(Glastad et al., 2014). DNA methylation has been reported for a range of insects, but when 

comparing species, different genes and different regions of genes are methylated. Data for 

insect genomes are currently too fragmented to link an absence of methylation genes to specific 

epigenetic processes. Especially Dnmt3 is exemplary in its widespread absence from insects. This 

suggests that Dnmt3 has either a non-essential role in insect genome methylation, or can be 

replaced by other genes in different insect groups. The absence of Dnmt1 in Asobara wasps 

seems to be an exceptional case of a recent gene loss, as amongst Hymenoptera, only X. 

alpigena appears to also lack Dnmt1. Whether Asobara, that lacks Dnmt1, or Leptopilina, that 

lacks Dnmt3, have lost the ability to pass on epigenetic signals to their offspring, and whether 

this impacts the sex determination mechanism would be an interesting objective for further 

studies. 
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Modes of sex determination and endosymbiontModes of sex determination and endosymbiontModes of sex determination and endosymbiontModes of sex determination and endosymbiont----induced thelytokyinduced thelytokyinduced thelytokyinduced thelytoky    

Our results described in chapter 5 and 6 are the first to document possible interference of 

Wolbachia at the tra level of the sex determination cascade. The unique opportunity to compare 

arrhenotokous and thelytokous systems allows for study of how endosymbionts can manipulate 

sex determination regulation. Any difference between the regulation of sex determination 

genes in the two systems may point at a manipulation by the endosymbiont. Moreover, sex 

determination regulation can be studied when the endosymbionts are removed from the 

thelytokous lineage (Chapter 6), and one can observe whether this regulation then reverts to a 

pattern matching the arrhenotokous system. 

Previous studies on Wolbachia interference with the sex determination cascade concerned 

systems without a conserved copy of tra. The lepidopterans Ostrinia scapulalis and Ostrinia 

furnacalis are infected with male-killing Wolbachia that act by lethal feminization of genetic 

males (Kageyama & Traut, 2004; Sugimoto et al., 2010; Fukui et al., 2015). Sex determination 

regulation is, however, largely unknown in Lepidoptera which makes it difficult to elucidate the 

Wolbachia action. Dsx is conserved at the bottom of the cascade with sex-specific splice variants 

(Wang et al., 2014). Tra2 does not regulate dsx splicing (Suzuki et al., 2012) and no homolog of 

tra has been detected (see also box 7.1 and Chapter 2). Dsx splicing is apparently altered by 

Wolbachia infection (Sugimoto & Ishikawa, 2012), but further details of sex determination 

regulation are unknown. Recently, upstream elements of the B. mori sex determination pathway 

have been identified, consisting of a feminizing piRNA fem which targets the Masc gene that 

controls both masculinization and dosage compensation (Kiuchi et al., 2014). This Masc gene is 

also found in O. furnacalis, where it is repressed in the presence of Wolbachia (Fukui et al., 

2015). The repression of Masc results in a lack of dosage compensation in Wolbachia infected 

embryos (Sugimoto et al., 2015). It is not yet identified how Wolbachia interacts with Masc or an 

upstream factor, or how Masc is connected to dsx. 

 My study not only illustrates the importance of maternal effects in haplodiploid sex 

determination but also suggests a link between maternal provisioning and the evolution of 

thelytoky. Wolbachia interference with sex determination in A. japonica and L. clavipes reveals 

at least one parallel phenomenon: the shift to maternal provision of female-specific tra mRNA. 

Maternal provision is a signature of N. vitripennis sex determination (Verhulst et al., 2010a) 

(Chapter 3) and this feature may be widespread in non-CSD systems. Manipulation of the 

maternal provision may be the single route by which Wolbachia interacts with the sex 

determination mechanisms of L. clavipes and A. japonica to induce parthenogenesis. However, 

the conservation of tra in all but one lineage of Hymenoptera (Box 7.1) is not enough to explain 

the occurrence of thelytoky within the Hymenoptera. More thelytokous systems need to be 

studied for their sex determination regulation to understand why some groups show frequent 

thelytoky whereas others do not. 
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Compatibility of sex determinationCompatibility of sex determinationCompatibility of sex determinationCompatibility of sex determination    mechanisms and endosymbiontmechanisms and endosymbiontmechanisms and endosymbiontmechanisms and endosymbiont----induced female developmentinduced female developmentinduced female developmentinduced female development    

Reproductive mode and sex determination are mutually dependent, i.e. some forms of 

reproduction are restricted by the mechanism of sex determination and vice versa. One 

question is whether the MEGISD model can be compatible with thelytoky. Under MEGISD 

female development depends on a paternally provided genome. A maternal silencing 

mechanism is in place to ensure that only fertilized eggs receive an active paternal allele to start 

the female developmental pathway. Wolbachia could remove the maternal imprinting or mimic 

the paternal imprint, as endosymbionts have been documented to change their host’s 

imprinting pattern (Negri et al., 2009). More mechanistic details are needed about Wolbachia 

action before a role in imprinting can be substantiated. Another possibility is that the 

endosymbiont makes the host’s imprinting mechanism obsolete. The Wolbachia-induced 

maternal provision of Aj-tra
F
 (Chapter 6) and Lc-tra (Chapter 5) would be sufficient to start 

zygotic tra transcription without a paternal genome. 

Another open question about thelytokous systems is whether diploidization by 

Wolbachia directly results in female development as a consequence of host sex determination, 

or whether Wolbachia needs to secondarily induce feminization. The switch to tra
F
 provisioning 

in the presence of Wolbachia would suggest the latter. In A. japonica both steps (diploidization 

and feminization) are separately induced by Wolbachia (Ma et al., 2015), but in Encarsia hispida 

Cardinium bacteria only causes feminization of already diploidized eggs (Giorgini et al., 2009). 

Such separation of diploidization and feminization needs to be tested in more endosymbiont-

induced thelytokous systems. 

 

WolbachiaWolbachiaWolbachiaWolbachia    versus maternal control of sex determinationversus maternal control of sex determinationversus maternal control of sex determinationversus maternal control of sex determination    

To what extent is infectious parthenogenesis depended on the sex determination mechanism? 

My results have shown that an absence of tra
F
 maternal provision in an arrhenotokous system 

could open the possibility for an endosymbiont to overtake its sex determination. If inducing tra
F
 

mRNA provisioning by the endosymbiont is sufficient to start female development, a range of 

sex determination mechanisms may be conducive to infectious thelytoky. I predict that those 

sex determination systems share a lack of maternal provision of tra
F
 in their arrhenotokous 

mode. 

 Many questions remain about the mechanisms with which Wolbachia takes over its 

host sex determination. Endosymbiont-induced maternal provision of tra
F
 is one possibility, but 

it requires further testing whether this is a widespread mechanism. Interestingly, maternally 

controlled tra
F
 provision could also be seen as a counter-measure of the host to prevent 

endosymbiont infection. It would be interesting to survey different branches of Hymenoptera, 

particularly non-CSD associated lineages, for maternal provision of different tra transcripts. The 

increasing availability of genomic and transcriptomic data enables such a pursuit. The 

mechanistic interactions between endosymbiont manipulation of host reproduction and host 

sex determination promises to be an intriguing field of future research. This should provide 
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more insight into the directions that the evolutionary arms race between host and 

endosymbionts can take and make clear who is in control. 

 

CONCLUDING REMARKSCONCLUDING REMARKSCONCLUDING REMARKSCONCLUDING REMARKS    

The central switch of sex determination is conserved in haplodiploid systems. Its key actors can 

however be hard to recognize. Orthologs of the sex determination genes tra2, tra and its target 

dsx are found in A. tabida (Chapter 4), A. japonica (Chapter 6) and L. clavipes (Chapter 5). Each 

species displays distinct and characteristic female and male splice forms of these genes and 

production of female-specific TRA (TRA
F
) starts female development. Yet, each species exhibits 

specific deviations from the N. vitripennis sex determination mechanism, in particular in their 

maternal provision of specific tra and tra2 mRNAs. It remains an open question which forces 

drive this variation in sex determination mechanisms. A tempting possibility is that 

endosymbionts form such an evolutionary pressure. Solving this question requires further 

mechanistic research into sex determination and endosymbiont action. 
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Sex determination and Sex determination and Sex determination and Sex determination and sex sex sex sex differentiationdifferentiationdifferentiationdifferentiation    

The separation of and sexual differentiation into female and male sexes is a widespread 

phenomenon in the animal kingdom. Each of the two sexes produces haploid gametes of which 

the nuclei fuse in the fertilized egg to yield start the development of a male or female diploid 

embryo. This process must be of high fidelity, as intersexes usually have a lower fitness. As the 

individual matures, differentiation of sexual organs and secondary sexual traits occurs. This 

eventually yields a mature female with ovaries or a male with testes. 

Both parents can control the action of genes by activating or silencing them on their 

provided chromosome sets. Only the mother provides the cytoplasm of the offspring and is able 

to deposit gene transcripts into her oocytes. This seemingly leaves the male with fewer options 

to control his offspring, but also he may be able to provide additional information, e.g. by 

imprinting genes or providing short RNA molecules through the sperm. After fertilization, the 

embryo starts its development in the presence of a maternal and paternal chromosome set and 

egg cytoplasm containing parentally derived products. These products in the egg degenerate 

over time while zygotic transcription starts. 

 

Chromosomal and haplodiploid sex determinationChromosomal and haplodiploid sex determinationChromosomal and haplodiploid sex determinationChromosomal and haplodiploid sex determination    

Sex determination systems based on the presence of sex chromosomes are particularly 

common. In these systems a particular chromosome, containing a sex determining locus, 

determines the sex of the offspring. In male heterogametic systems all males have both an X and 

a Y chromosome, whereas females carry a homozygous combination of two X chromosomes. In 

supplying either an X or a Y chromosome to their spermatocytes, males determine at 

fertilization whether the embryo will become female or male. Conversely, in female 

heterogametic systems, the females have a Z and a W chromosome, whereas the males have 

two Z chromosomes. In these systems females determine the sex of the offspring through their 

oocytes with either a Z or a W chromosome. Variations to these heterogametic systems occur 

when either the male or the female lacks the minor sex chromosome, i.e. they have an XO or ZO 

genotype. In such systems the heterogametic sex determines the sex of the offspring alike the 

XY and ZW systems by providing either a sex chromosome or not. 

 Haplodiploid sex determination is a markedly different system, though it is also based 

on chromosomal configurations of the embryo. Haplodiploid species consist of haploid males 

and diploid females. Females produce haploid oocytes that do not need to be fertilized to 

develop into an adult individual. Unfertilized eggs develop into haploid males, whereas fertilized 

eggs develop into diploid females. The two sexes do not differ for a specific sex chromosome, 

but in the number of copies of the whole complement. Males only inherit a chromosome set 

from their mother and subsequently pass this on to their daughters. It means that there is no 

sex determining locus on a specific sex chromosome as any chromosome may occur in both 

sexes. Haplodiploidy allows behavioural control over fertilization as females can facultatively 

allow a sperm to her egg upon oviposition and they can thus control the sex of the offspring. 
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Yet, in sexually reproducing haplodiploids, the inclusion of a paternal chromosome set is, bar 

some exceptional cases, the only genetic option to generate a female. 

 

Haplodiploid mechanHaplodiploid mechanHaplodiploid mechanHaplodiploid mechanisms of sex determinationisms of sex determinationisms of sex determinationisms of sex determination    

One genetic mechanism of haplodiploid sex determination consists of a paternal genome and 

maternally provided elements activating the female-specific pathway upon zygotic transcription 

in the embryo. A hallmark of insect sex determination is the sex-specific splicing that occurs 

upon the start of female or male development. The molecular genetics of haplodiploid sex 

determination have thus far only been studied in two species of Hymenoptera: the honeybee 

(Apis mellifera) and the jewel wasp (Nasonia vitripennis). These mechanisms are very different in 

genetic versus epigenetic components and this variation gave the first indication of the fast 

evolution of sex determination mechanisms in the Hymenoptera. 

 The honeybee possesses a mechanism of Complementary Sex Determination (CSD), 

where heterozygosity at one or multiple loci determines the sex of the offspring. Heterozygous 

diploid individuals will develop into females, whereas hemizygous haploid individuals or 

homozygous diploid individuals will become males. This type of mechanism can easily be 

detected by inbreeding that will increase the level of homozygosity, and hence the ratio of male 

to female offspring. CSD has been described for many species in many different lineages of the 

Hymenoptera. The precise molecular mechanism has only been identified in the honeybee. The 

csd gene is a duplication of the key sex determination gene feminizer (fem), an ortholog of 

transformer (tra). Only a heterozygotic state of the csd gene can enforce female-specific splicing 

of the fem gene and start the path to female differentiation. 

 The molecular mechanism of sex determination in N. vitripennis is based on two very 

different principles. Maternal provision of female-specific tra transcripts is required to start 

female-specific splicing of this gene in the embryo. This alone is however not enough to start 

female development. An element which is silenced in the maternal genome, yet active in the 

paternal genome, is needed in combination with the female-specific tra provision to enable 

female-specific splicing of tra. This imprinting element has not yet been identified, but is not tra 

itself. 

 

The insect sex determination gene cascadeThe insect sex determination gene cascadeThe insect sex determination gene cascadeThe insect sex determination gene cascade    

A major question in evolutionary biology is how sex determination pathways evolve. Which 

genes are involved, how are they regulated, and do these genes have other functions as well? 

Tra is not only a key gene in the sex determination pathway of A. mellifera and N. vitripennis, 

but plays a pivotal role in development of all insect species in which its orthologs have been 

found. Only the female-specific splice variant of tra can be translated into a functional protein. 

This TRA protein forms a complex with TRA2 protein, encoded by the tra2 gene that does not 

possess any splice forms restricted to a particular sex and is more conserved than other genes in 

the sex determination cascade. Tra2 also has other developmental functions. The combination 
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of TRA2 and TRA ensures that mRNA transcribed from the downstream gene doublesex (dsx) is 

spliced in the female mode. DSX is a transcription factor and the female-specific protein will 

induce female differentiation, while the male-specific protein leads to male differentiation. In A. 

mellifera and N. vitripennis the zygotic state of tra is in the male mode. A feminizing primary 

signal is needed to initiate female-specific zygotic transcription of tra to start female 

development. The primary signals, which control this switch of the tra-dsx axis, are highly 

diverged, which hampers identification based on homology. 

 Dsx has thus far been detected in all investigated insect orders (Chapter 2). This 

conservation is confirmed in this thesis by its conserved sex-specific transcripts in Asobara 

tabida sexual development (Chapter 4). Its function as the ultimate switch leading to sexual 

differentiation may be very specific and not easily taken over by another gene. This specificity 

may not be the case for tra, as this gene appears to be absent (or evades detection) in multiple 

branches of insects (Chapter 2). Tra seems to have been lost multiple times from the sex 

determination cascade or, alternatively, may have been added multiple times in different 

groups. Tra has been duplicated in several families of the Hymenoptera, including non-CSD 

species, as paralogs were observed in Leptopilina wasps (Chapter 2 and 5). Yet it is unclear 

whether these duplications are involved in sex determination, be it as a CSD locus or as a 

maternal effect factor. 

 

Maternal pMaternal pMaternal pMaternal provision in sexually reproducing waspsrovision in sexually reproducing waspsrovision in sexually reproducing waspsrovision in sexually reproducing wasps    

Maternal provision of both tra2 (Chapter 3) and female-specific tra was found to be required to 

start female development in N. vitripennis. Inclusion of tra2 mRNA into the egg is a conserved 

mode of gene regulation in sex determination. Decreased levels of tra2 mRNA in embryos 

resulted in diploid male development, but also demonstrated a strong mortality in early life 

stages. These results indicate that early presence of tra2 transcripts in the embryo also has 

other developmental functions in haploid embryos. Furthermore I observed that diploid 

embryos with a paternal chromosome set have a reduced offspring number if either tra2 or tra 

is absent in early life stages. 

 Whereas female-specific tra maternal provisioning is crucial for N. vitripennis, it was 

not found in the wasp A. tabida (Chapter 4). A. tabida females do provide alternatively spliced 

variants of tra to their eggs that code for a shorter protein, which is, however, unlike the male 

form. The lack of female-specific tra in the early stages of diploid female development leaves 

the question how feminizing activity would be started. The alternative splice forms of tra could 

play a role in activating female-specific transcription of tra in the early embryo. An active 

paternal factor would be required to distinguish between haploid and diploid development. The 

crucial role of tra2 maternal provision does appear conserved in A. tabida sex determination, as 

I could detect its presence in embryos prior to zygotic transcription and upon zygotic activation 

of the sex determination cascade. 
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Endosymbiont interference with sex determinationEndosymbiont interference with sex determinationEndosymbiont interference with sex determinationEndosymbiont interference with sex determination    

In insects whose sex determination mechanism is based on a zygotic state of tra in the male 

mode, a cue for female development is required that switches the sex determination cascade 

into the female mode. This cue does not necessarily come from the insect itself. Endosymbionts 

are widespread in many insect orders and can have drastic effects on the reproductive mode of 

their hosts. Endosymbionts are only transmitted via cytoplasm and, because of this one-sided 

transmission, benefit from turning genetic male embryos into females or excluding male 

embryos and switching the progeny sex ratio toward more females. In haplodiploid species they 

can induce asexual reproduction, meaning that infected diploid females produce infected 

haploid oocytes that are diploidized and feminized to develop into females. 

 The parasitoid wasps Asobara japonica and Leptopilina clavipes consist of both sexual 

and asexual populations. Asexual wasps of both species are infected with Wolbachia 

endosymbionts. At least for A. japonica it is documented that this feminization occurs as a 

separate step after the diploidization action. The Wolbachia infection can be removed with 

antibiotics treatments which results in the production of haploid male wasps. 

 Sexual females of A. japonica and L. clavipes do not provide female-specific tra 

transcripts to their oocytes (Chapter 5 and 6). This phenomenon was found to be shared with 

the sexual females of A. tabida (Chapter 4). Asexual females of both A. japonica and L. clavipes, 

however, do add female-specific tra transcripts to their oocytes in the presence of Wolbachia. 

When I removed Wolbachia from asexual A. japonica females, they did not provide the female-

specific tra transcripts anymore and reverted to the pattern of tra provision observed in the 

sexual females (Chapter 6). Hence, Wolbachia appears to have taken over control of sex 

determination by manipulating the maternal provision of the feminizing tra. 

 

Parental and endosymbiont effects on sex Parental and endosymbiont effects on sex Parental and endosymbiont effects on sex Parental and endosymbiont effects on sex determination determination determination determination ––––    who is in control?who is in control?who is in control?who is in control?    

Maternal provision and the sex-specific transcripts of sex determination genes during early 

stages of development yield valuable information for uncovering the molecular mechanisms of 

sex determination. Female-specific tra was found to not be required at the onset of female 

development under sexual reproduction of three wasp species (A. tabida, A. japonica and L. 

clavipes) (Chapter 4, 5 and 6). Yet the requirement of tra2 maternal provision for female 

development is likely a widespread phenomenon. Additional maternal elements, other than 

tra2, may be required to induce the female-specific pathway, in example the alternative splice 

variants of tra or its paralogs. However, this maternal provision alone is not sufficient to start 

female development in sexually reproducing wasps. The paternal genome would require an 

epigenetic difference from the maternal genome to start female-specific zygotic transcription in 

diploid fertilized eggs. This paternal dependency may hypothetically also be manipulated by 

Wolbachia mimicking the activity of the paternal genome. Alternatively, rather than a distinction 

between two chromosome sets, the dosage effects resulting from the diploid state may initiate 

female development. The interference of endosymbionts with the splicing and maternal 
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provision of tra suggests the existence of an arms race between maternal and endosymbiotic 

elements over haplodiploid sex determination. This warrants the question: who is in control of 

sex determination, and who could take over control of sex determination?
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Geslachtsbepaling en geslachtsdifferentiatieGeslachtsbepaling en geslachtsdifferentiatieGeslachtsbepaling en geslachtsdifferentiatieGeslachtsbepaling en geslachtsdifferentiatie    

De scheiding in verschillende geslachten en de differentiatie tot mannelijke en vrouwelijke 

individuen is een wijdverspreid verschijnsel in het dierenrijk. Beide geslachten produceren 

haploïde gameten. De ontwikkeling van een mannelijk of vrouwelijk diploïd embryo start als de 

kernen van deze gameten fuseren in de bevruchte eicel. Deze tweedeling in ontwikkeling moet 

gewaarborgd zijn, aangezien interseksuele individuen vaak een lagere fitness hebben. 

Differentiatie van geslachtsorganen en secundaire geslachtskenmerken treedt op gedurende de 

verdere ontwikkeling. Dit leidt uiteindelijk tot een volgroeid vrouwelijk individu met ovaria of 

een volgroeid mannelijk individu met testes. 

 Beide ouders kunnen de activiteit van genen controleren door deze te aan- of uit te 

zetten op de set chromosomen die zij aan het embryo doorgeven. Alleen de moeder geeft haar 

cytoplasma mee aan haar nakomelingen en kan hier gen-transcripten in meegeven. Dit lijkt de 

vader minder mogelijkheden te geven om de ontwikkeling van zijn nageslacht te beïnvloeden. 

Maar ook hij kan mogelijkerwijs extra elementen meegeven, bijvoorbeeld door genen in te 

prenten of door korte RNA moleculen met de spermatozoa mee te leveren. Na de bevruchting 

zal het embryo de eigen ontwikkeling beginnen in aanwezigheid van zowel een maternale als 

een paternale chromosoomset en een cytoplasma met daarin producten van beide ouders. Deze 

producten degenereren langzaam terwijl de transcriptie vanaf het genoom de zygote zelf begint. 

 

Chromosomale en haplodiploïde geslachtsbepalingChromosomale en haplodiploïde geslachtsbepalingChromosomale en haplodiploïde geslachtsbepalingChromosomale en haplodiploïde geslachtsbepaling
    

Geslachtsbepalingssystemen gebaseerd op geslachtschromosomen zijn zeer algemeen. Een 

bepaald chromosoom in deze systemen bevat een geslachtsbepalingslocus en dit bepaalt, zoals 

de naam al zegt, het geslacht van de nakomelingen. In mannelijk heterogametische systemen 

hebben alle mannelijke individuen een X- en een Y-chromosoom, terwijl de vrouwelijke 

individuen twee X-chromosomen bezitten. Doordat de mannelijke individuen zowel een X- als 

een Y-chromosoom kunnen meegeven in hun spermatocyten wordt hierdoor bij de bevruchting 

bepaald of het embryo mannelijk of vrouwelijk wordt. Omgekeerd hebben vrouwelijke 

individuen in vrouwelijk heterogametische systemen een Z- als een W-chromosoom en de 

mannelijke individuen twee Z-chromosomen. De oöcyten van de vrouwelijke individuen bepalen 

in deze systemen het geslacht van de nakomelingen door een Z-chromosoom of een W-

chromosoom mee te geven. Er zijn variaties op deze heterogametische systemen, waarbij of het 

mannelijke type of het vrouwelijke type een geslachtschromosoom mist. In dit geval is er sprake 

van een XO- of een ZO-genotype.. 

 HaplodiploÏde geslachtsbepaling werkt volgens een ander principe, maar is ook 

gebaseerd op de chromosomale samenstelling in het embryo. Haplodiploïde soorten bestaan uit 

haploïde mannelijke individuen en diploïde vrouwelijke individuen. Deze vrouwelijke individuen 

produceren haploïde oöcyten die niet bevrucht hoeven te worden om te ontwikkelen tot een 

volwassen nakomeling. Onbevruchte eieren ontwikkelen zich tot haploïde mannelijke 

individuen, terwijl bevruchte eieren zich ontwikkelen tot diploïde vrouwelijke individuen. De 
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twee geslachten zijn niet gescheiden door een specifiek geslachtschromosoom, maar verschillen 

in de hoeveelheid chromosoomsets. Mannelijke individuen krijgen alleen een chromosoomset 

van hun moeder en geven deze vervolgens alleen door aan dochters, want bij haplodiploïden 

produceren mannen geen zonen. Dit betekent, dat er geen geslachtsbepalingslocus op een 

specifiek geslachtschromosoom aanwezig is aangezien elk chromosoom in elk geslacht kan 

voorkomen. Haplodiploïde geslachtsbepaling wordt gecontroleerd door de moeder, die kan 

kiezen haar eieren te laten bevruchten door ontvangen spermatozoa, en hiermee het geslacht 

van haar nakomelingen kan bepalen. Eigenlijk is in seksueel voortplantende haplodiploïden, een 

enkele uitzondering daargelaten, de toevoeging van een paternaal genoom de enige optie om 

een vrouwelijk individu te verkrijgen. 

 

HaplodiploÏde mechanismen van geslachtsbepalingHaplodiploÏde mechanismen van geslachtsbepalingHaplodiploÏde mechanismen van geslachtsbepalingHaplodiploÏde mechanismen van geslachtsbepaling    

Het genetische mechanisme van haplodiploïde geslachtsbepaling is gebaseerd op een paternaal 

genoom en maternaal toegevoegde elementen waardoor vrouwelijke ontwikkeling tijdens de 

start van zygotische transcriptie in het embryo in gang wordt gezet. Het belangrijkste kenmerk 

van geslachtsbepaling in insecten is de geslachtsspecifieke splicing die optreedt bij de start van 

vrouwelijke en mannelijke ontwikkeling. De moleculaire genetica van haplodiploïde 

geslachtsbepaling is tot dusver slechts bestudeerd in twee soorten Hymenoptera: de honingbij 

(Apis mellifera) en de juweelwesp (Nasonia vitripennis). Deze mechanismen verschillen tussen 

genetische en epigenetische componenten en deze variatie gaf de eerste aanwijzing voor de 

snelle evolutie van geslachtsbepalingsmechanismen in de Hymenoptera. 

 De honingbij bezit Complementaire Sex Determinatie (CSD), waarbij heterozygotie op 

een of meerdere loci het geslacht van de nakomelingen bepaalt. Heterozygote diploïde 

individuen ontwikkelen zich vrouwelijk, terwijl hemizygote haploïde individuen en homozygote 

diploïde individuen uiteindelijk mannelijk worden. Dit type mechanisme kan gedetecteerd 

worden door inteeltstudies, die het niveau van homozygotie verhogen, en daarmee de ratio 

mannelijke ten opzicht van vrouwelijke ontwikkeling zullen verhogen. CSD-mechanismen zijn 

gevonden in veel soorten uit verschillende families van de Hymenoptera. Het precieze 

moleculaire mechanisme is echter alleen opgehelderd voor in de honingbij. Het csd gen is hier 

een duplicatie van het belangrijke geslachtsbepalingsgen feminizer (fem), een ortholoog van 

transformer (tra). Alleen een heterozygote staat van het csd gen kan ervoor zorgen dat fem-

transcripten op een vrouwelijk specifieke manier geproduceerd worden en hierdeer start 

vrouwelijke differentiatie. 

 Het moleculaire mechanisme van geslachtsbepaling in N. vitripennis is gebaseerd op 

twee andere principes. Maternale provisie van vrouwelijk specifieke tra-transcripten is nodig om 

de vrouwelijke transcriptievorm van dit gen te starten in het embryo. Dit alleen is niet afdoende 

om vrouwelijke ontwikkeling te activeren. Een element, dat geïnactiveerd is op het maternale 

genoom, maar actief is op het paternale genoom, is nodig in combinatie met vrouwelijk 
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specifieke tra-provisie om de vrouwelijk specifieke zygotische transcriptie van tra te starten. Het 

geïnactiveerde element is nog niet geïdentificeerd, maar het is niet tra zelf. 

 

De geslachtsbepaling genDe geslachtsbepaling genDe geslachtsbepaling genDe geslachtsbepaling gen----cascade van insectencascade van insectencascade van insectencascade van insecten    

Een belangrijke vraag in de evolutionaire biologie is hoe geslachtsbepalingsroutes evolueren. 

Welke genen zijn hierbij betrokken; hoe worden zij gereguleerd; en hebben deze genen ook 

andere functies? Tra is niet alleen een belangrijk gen in de geslachtsbepalingsmechanismen van 

A. mellifera en N. vitripennis, maar speelt een centrale rol in de ontwikkeling van alle 

insectensoorten, waarin orthologen zijn gedetecteerd. Alleen de vrouwelijke splice variant van 

tra wordt vertaald in een functioneel eiwit. Dit TRA-eiwit vormt een complex met het TRA2-

eiwit, dat gecodeerd wordt door het tra2 gen. Tra2 bezit geen geslachtsspecifieke splice 

varianten en is meer geconserveerd dan andere genen in de geslachtsbepalingscascade. Verder 

heeft het ook nog andere functies in vroege ontwikkeling. De combinatie van TRA en TRA2 zorgt 

ervoor, dat het mRNA van het volgende gen in de cascade, doublesex (dsx), wordt gespliced in 

de vrouwelijke modus. DSX is een transcriptie factor, en het vrouwelijk specifieke eiwit induceert 

vrouwelijke differentiatie, terwijl het mannelijke eiwit leidt tot mannelijke differentiatie. De 

zygotische staat van tra is in de mannelijke modus in A. mellifera en N. vitripennis. Een 

feminiserend primair signaal is nodig om vrouwelijk specifieke zygotische transcriptie van tra te 

initiëren om vrouwelijke ontwikkeling te starten. De primaire signalen, die deze switch van de 

tra-dsx-as controleren, zijn sterk gedivergeerd, wat hun identificatie gebaseerd op homologie 

bemoeilijkt. 

 Dsx is tot dusver gedetecteerd in alle bestudeerde insecten-ordes (Hoofdstuk 2). Deze 

conservering wordt bevestigd in deze thesis door de geconserveerde geslachtsspecifieke 

transcripten in Asobara tabida vrouwelijke en mannelijke ontwikkeling (Hoofdstuk 4). De functie 

van dsx als de laatste switch leidend tot seksuele differentiatie is mogelijk zeer specifiek en niet 

makkelijk over te nemen door een ander gen. Deze functionele conservering is mogelijk niet het 

geval voor het tra gen, aangezien dit gen afwezig lijkt te zijn (of niet te detecteren is) in 

verschillende groepen insecten (Hoofdstuk 2). Tra lijkt meermaals verloren te zijn gegaan uit de 

geslachtsbepalingscascade of, in een alternatief scenario, meermaals te zijn toegevoegd aan de 

geslachtsbepalingscascade. Tra is gedupliceerd in verschillende families van de Hymenoptera, 

ook in soorten zonder CSD, aangezien ik paralogen heb gevonden in Leptopilina wespen 

(Hoofdstuk 2 en 5). Het is echter nog onduidelijk of de wijdverbreide duplicaties betrokken zijn 

bij geslachtsbepaling, of dat nu is als een CSD locus of als een factor met maternale effecten. 

 

Maternale provisie in seksueel voortplantende wespenMaternale provisie in seksueel voortplantende wespenMaternale provisie in seksueel voortplantende wespenMaternale provisie in seksueel voortplantende wespen    

Maternale provisie van zowel tra2 (Hoofdstuk 3) en vrouwelijk specifieke tra is nodig voor de 

start van vrouwelijke ontwikkeling in N. vitripennis. De toevoeging van tra2 mRNA in de eieren is 

een geconserveerd element van gen-regulatie in geslachtsbepaling. Verminderde hoeveelheden 

tra2 mRNA in embryo’s resulteerde in de ontwikkeling van diploïde mannelijke individuen in N. 
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vitripennis (Hoofdstuk 3). Verder was er ook een sterke vermindering van hoeveelheid 

nakomelingen te zien. Dit geeft aan dat de vroege aanwezigheid van tra2-transcripten in het 

embryo ook andere functies in de ontwikkeling van haploïde embryo’s heeft. Daarnaast 

observeerde ik een sterkere daling in het aantal diploïde nakomelingen met een paternale 

chromosoomset na vermindering van zowel tra- als tra2-transcipten in vroege stadia van 

ontwikkeling. 

 Ondanks dat vrouwelijk specifieke tra-transcripten cruciaal zijn tijdens de vroege 

ontwikkeling van N. vitripennis en maternaal meegeleverd worden, is dit niet het geval in de 

wesp A. tabida (Hoofdstuk 4). In plaats daarvan geven A. tabida moeders alternatieve splice 

varianten van tra mee aan hun eieren. Deze coderen voor een korter eiwit, dat echter een 

belangrijk domein bevat en niet zo kort is als de mannelijk specifieke eiwitten. Het gebrek aan 

vrouwelijk specifieke tra in de vroege stadia van diploïd vrouwelijke ontwikkeling opent echter 

de vraag hoe de vrouwelijk activiteit gestart wordt in dit systeem. De alternatieve splice vormen 

van tra kunnen mogelijk een rol spelen in de activatie van de vrouwelijk specifieke transcriptie 

van tra in het vroege embryo. Daarnaast zou echter een factor nodig zijn om het verschil tussen 

haploïde en diploïde ontwikkeling aan te geven, mogelijk een actieve paternale factor of een 

herkenning van dosis tussen een enkel of een dubbel genoom. De cruciale rol van tra2 

maternale provisie lijkt wel geconserveerd te zijn in A. tabida geslachtsbepaling. Deze 

transcripten kon ik detecteren in embryos voorafgaand aan zygotische transcriptie en tijdens de 

zygotische activatie van de geslachtsbepalingscascade (Hoofdstuk 4). 

 

Verstoring van geslachtsbepaling door endosymbiontenVerstoring van geslachtsbepaling door endosymbiontenVerstoring van geslachtsbepaling door endosymbiontenVerstoring van geslachtsbepaling door endosymbionten    

Bij insecten waarvan het geslachtsbepalingsmechanisme is gebaseerd op een zygotische staat 

van tra in de mannelijke modus, is een aanzet voor vrouwelijke ontwikkeling is nodig die de 

geslachtsbepalingscascade in de vrouwelijke modus plaatst. Deze aanzet hoeft niet perse vanuit 

het insect zelf te komen. Endosymbionten zijn wijdverspreid in veel insect-ordes en kunnen 

drastische effecten hebben op de voortplanting van hun gastheren. Endosymbionten worden 

alleen doorgegeven via het cytoplasma. Vanwege deze eenzijdige transmissie is het in hun 

voordeel om genetisch mannelijke embryo’s op een pad van vrouwelijke ontwikkeling te zetten 

of om deze mannelijke embryo’s te verwijderen en het percentage vrouwelijke nakomelingen 

hoger te maken. In haplodiploÏde soorten kunnen endosymbionten ervoor zorgen, dat de 

gastheren zich aseksueel voortplanten. Geïnfecteerde diploïde moeders leggen geïnfecteerde 

haploïde eieren, die diploïd gemaakt en gefeminiseerd worden tot een volgende generatie van 

geïnfecteerde diploïde vrouwelijke individuen. 

 De parasitaire wespen Asobara japonica en Leptopilina clavipes hebben elk seksueel en 

aseksueel voortplantende populaties. Aseksuele wespen van beide soorten zijn geïnfecteerd 

door Wolbachia endosymbionten. Voor A. japonica is gedocumenteerd, dat de feminisering een 

aparte stap na de diploïdisatie is. De Wolbachia infectie kan verwijderd worden met antibiotica-

behandelingen, die resulteren in de productie van haploïde mannelijke wespen. 
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 Seksueel voortplantende A. japonica en L. clavipes wespen geven geen vrouwelijk 

specifieke tra-transcripten mee aan hun oöcyten (Hoofdstuk 5 en 6). Dit fenomeen komt 

overeen met het patroon van tra-transcripten, dat ik detecteerde in de seksuele voortplanting 

van A. tabida (Hoofdstuk 4). Aseksuele A. japonica en L. clavipes wespen geven echter wel 

vrouwelijk specifieke tra-transcipten mee aan hun oöcyten in de aanwezigheid van Wolbachia. 

Wanneer ik Wolbachia verwijderde uit de aseksuele A. japonica wespen, gaven zij geen 

vrouwelijk specifieke tra-transcripten meer mee, maar waren ze in plaats daarvan terug gegaan 

naar het patroon van tra-transcripten dat wordt meegegeven in seksuele wespen (Hoofdstuk 6). 

Hieruit concluderend lijkt Wolbachia de controle over geslachtsbepaling te hebben 

overgenomen door de maternale provisie van vrouwelijk specifieke tra-transcripten te 

manipuleren. 

  

Ouderlijke en endosymbiont effecten op geslachtsbepaling Ouderlijke en endosymbiont effecten op geslachtsbepaling Ouderlijke en endosymbiont effecten op geslachtsbepaling Ouderlijke en endosymbiont effecten op geslachtsbepaling ––––    wie heeft de controle?wie heeft de controle?wie heeft de controle?wie heeft de controle?    

Maternale provisie en de geslachtsspecieke transcripten van geslachtsbepalingsgenen 

gedurende vroege stadia van ontwikkeling bieden kostbare informatie aangaande de nog te 

ontdekken moleculaire mechanismen van geslachtsbepaling. Aanwezigheid van vrouwelijk 

specifiek tra is niet noodzakelijk voor vrouwelijke ontwikkeling in drie seksueel voortplantende 

wespen soorten (A. tabida, A. japonica en L. clavipes) (Hoofdstuk 4, 5 en 6). Maternale provisie 

van tra2 lijkt daarentegen wijdverbreid noodzakelijk te zijn voor vrouwelijke ontwikkeling. 

Andere maternale elementen, bijvoorbeeld alternatieve splice varianten van tra of paralogen 

daarvan, kunnen ook vereist zijn voor het starten van de vrouwelijke geslachtsbepalingscascade. 

Echter, alleen maternale provisie is niet afdoende om vrouwelijke ontwikkeling te starten in 

seksueel voortplantende wespen. Het paternale genome zou een epigenetisch verschil met het 

maternale genoom moeten bezitten om vrouwelijk specifieke transcriptie te starten in diploïde 

bevruchte eieren. Deze afhankelijkheid van de chromosoom set van de vader kan hypothetisch 

ook gemanipuleerd worden door Wolbachia, waarbij de endosymbiont de activiteit van het 

paternale genoom kan nabootsen. Alternatief kan het, in plaats van een verschil tussen het 

maternale en paternale genoom, echter ook het dosis effect van de diploïde staat van het 

embryo zijn die herkend wordt en vrouwelijke ontwikkeling start. De verstoring van tra 

maternale provisie suggereert, dat gastheer en endosymbiont elkaar proberen te overheersen 

in een conflict over de controle van haplodiploïde geslachtsbepaling. Dit roept de vraag op: wie 

heeft zeggenschap over geslachtsbepaling, en wie zou het beheer kunnen overnemen? 
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