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Sex determination 

In both the plant and animal kingdom, many species have sexual reproduction in which two 

different gametes of different sexes need to be fused to produce a new individual. Most 

animals are anisogamous, the female produces few large gametes (eggs) and the male many 

small gametes (sperm). In order to have males and females, a sex-determination system is 

needed, which is the process of how an embryo’s development into a male or a female is 

determined. The developmental program is activated by a so-called “instructor signal”, that 

informs the sex-determination system to either enter the male or female mode. 

How sex is determined has long been a topic of investigation. Before the discovery of sex 

chromosomes in the early 1900s, sex was generally thought to be determined via 

environmental sex determination (ESD) mechanisms. Theories of ESD can be traced back to 

Aristotle in his book The Generation of Animals (350 BC). He proposed that sex was 

primarily determined by the heat of the male partner during intercourse. If the heat of the 

father’s semen was strong enough, this would increase the odds of having male offspring, 

otherwise female offspring would be produced. Thus, at that time, the temperature was 

hypothesized to be the instructor signal for sexual development. As it turned out later, 

Aristotle was on to something, in that temperature indeed influences the sex determination in 

some species. For instance, the nest temperature determines offspring sex in some reptiles 

and fish and it is the most common environmental factor in ESD. More environmental factors 

have been found, such as photoperiod (e.g. wasp Campoletis perdistinctus) (Hoelscher and 

Vinson, 1971), maternal nutrition (e.g. rotifer Asplanchna amphora) (Birky and Gilbert, 1971) 

and population density (e.g. rotifer Brachionus calyciflorus) (Gilbert, 1963). However, sex 

is not determined by environmental cues in all organisms, and instead, in many of them, sex 

is determined by genetic factors: genotypic sex determination (GSD).  

In this introduction, I will give an overview of GSD, starting from a general description in 

animals based on sex chromosomes, and then focus on GSD in insects. I will illustrate how 

diverse the sex determination mechanisms among insect groups are at the chromosomal level, 

and how even more diversity is present at the gene level, in particular among instructor genes 

at the top of sex determination cascades. In addition to insect GSD involving sex 

chromosomes, I will describe the haplodiploid system, in which males develop from 

unfertilized (haploid) eggs and females from fertilized (diploid) eggs. Next, I will introduce 

the haplodiploid sex-determination system of Nasonia, the main topic of my investigation. 

Genotypic sex determination (GSD)  

In 1891, when Henking was studying the cytology of testes of the firebug Pyrrhocoris, he 

observed always one unpaired nuclear element during meiosis and this unknown element was 
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named “X” (Henking, 1891). Later, when chromosomes were identified, it was termed “X 

chromosome” and Stevens noticed there was another chromosome that segregated with this 

X chromosome, which was termed “Y” chromosome and occurs only in males (McClung, 

1902; Stevens, 1905). Now we know that the Y chromosome is only present in the X/Y GSD 

system, in which males inherit two distinct (XY) and females inherit two similar (XX) sex 

chromosomes. Another type of sex chromosome constitution is the occurrence of an X 

without a Y (XO) in males, whereas females are XX, such as in the firebug Pyrrhocoris 

(Henking, 1891; Wilson, 1909). This type of sex chromosome constitution is called male 

heterogamety. Later, another type of sex chromosome inheritance was discovered in birds, 

some reptiles, and amphibians, which have a female heterogametic system consisting of a Z 

and a W chromosome in females, whereas males are homozygotic ZZ. Many years of study 

have revealed even more sex chromosome compositions in different species, such as multiple 

segregating X chromosomes (e.g. in platypus) (Bick and Sharman, 1975; Deakin et al., 2008). 

For more information on other sex determination systems, I refer to the book of Beukeboom 

and Perrin (2014). In my thesis, I will focus on genotypic sex determination in insects. 

Genotypic sex determination in insects 

Sex determination in insects can involve sex chromosomes and both male heterogamety (e.g. 

many Diptera) and female heterogamety (e.g. Lepidoptera). However, a sex-determination 

system without sex chromosomes exists in some insect groups, such as all hymenopteran 

insects (e.g. ants, wasps, and bees), thysanopterans (trips), some beetles, and spider mites 

(Tetranychidae) (Helle and Bolland, 1967; Bull, 1983; Normark et al., 1999). They have a 

haplodiploid sex-determination system, in which fertilized diploid eggs normally develop 

into females and unfertilized haploid eggs develop into males.  

Sex determination gene cascades in insects  

The sex determination pathways in insects consist of a hierarchical cascade of genes, in which 

upstream components regulate the activity of downstream components. Within this cascade, 

three functional components can be identified: (1) at the top of the cascade is the instructor 

sex-determining signal that conveys the sexual identity; (2) in the middle of the cascade is a 

transducing element, usually, transformer (tra), the “memory” of the sex-determination 

system, which conveys the information provided by the upstream instructor signals regarding 

the sexual identity and (3) at the bottom is doublesex (dsx), the master switch gene that 

eventually directs the differentiation into a male or female individual (Figure 1.1). There are 

large similarities in the genetic sex determination pathways of insects, but also some striking 

differences, in particular at the onset of the sex determination process: the instructor signal.  
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Initially in Drosophila melanogaster, but more and more in other insects, genes that are 

involved in sex determination have been identified (Figure 1.1). Dsx has been found in all 
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insects studied to date. It can be regarded as the master switch to induce male or female 

development. Dsx encodes either a male or female-specific DSX (DSXM or DSXF) protein, 

depending on alternative splicing of the primary dsx transcript (Baker and Wolfner, 1988; 

Burtis and Baker, 1989). Both DSXM and DSXF are transcription factors that target specific 

but different downstream genes to direct proper gender differentiation (Burtis and Baker, 

1989). In many insect species, including Hymenoptera, tra has been identified as the 

regulator of dsx mRNA splicing (Boggs et al., 1987; Hoshijima et al., 1991; Tian and 

Maniatis, 1993). Wilkins (1995) stated that the insect genetic sex determination cascade is 

more conserved at the bottom and diversifies towards the top. It is however not well 

understood which forces drive this evolution of sex determination cascades. Pomiankowski 

et al. (2004) hypothesized that genomic sexual conflict in gene function might be one of the 

forces governing this diversification and recruitment of upstream genes in the sex 

determination cascade.  

Below I will expand on the molecular regulation of insect sex determination as this 

information is crucial for understanding my search for the instructor signal in the 

haplodiploid wasp Nasonia. 

Master switch gene: doublesex (dsx) 

Dsx orthologs have been identified in many insect species (Baker and Wolfner, 1988; Erdman 

et al.,1996; Kuhn et al., 2000; Shukla and Nagaraju, 2010). It is transcribed in both sexes, but 

the pre-mRNA is spliced into two different isoforms, a female- or a male-specific splice form 

(Burtis and Baker, 1989). Each of these splice forms encodes a specific functional protein: 

DSXM leading to male development and DSXF leading to female development (Baker and 

Wolfner, 1988; Burtis and Baker, 1989; Bayrer et al., 2005). The sex-specific splicing pattern 

of dsx pre-mRNA in Drosophila is shown in Figure 1.2. A functional TRA protein, that is 

only produced in females (for details see below), promotes the splicing of dsx pre-mRNA 

into the female-specific isoform which includes exon 4. In the absence of a functional TRA 

protein, the dsx pre-RNA is spliced by default in an isoform where exon 4 is skipped and 

exon 3 and exon 5 are joined (Figure 1.2) (Baker and Wolfner, 1988; Ewert et al., 1994; 

Graveley et al., 2001; Macmillan and Raymond, 2016). Shukla et al. (2010) have compared 

the molecular organization and characterization of a several dsx orthologs, including housefly 

Musca domestica (Mddsx), silkworm Bombyx mori dsx (Bmdsx), silkmoth Antheraea assama 

dsx (Aadsx) and silkworm Antheraea mylitta (Amydsx), and concluded that sequences and 

sex-specific splicing pattern of dsx orthologs are conserved but still variable among different 

species (Shukla and Nagaraju, 2010).  
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Figure 1.2: Sex-specific splicing pattern of the sex-determining gene Sex-lethal (Sxl), transformer (tra) 

and doublesex (dsx) in Drosophila. (1) Sex-specific splicing of dsx pre-mRNA. It contains six exons 

and exon 4 is differentially spliced into a male or female form. Exon 4 contains six copies of 13 

nucleotide repeat sequences that act as the cis-regulatory elements for female-specific splicing (Inoue 

et al., 1992). The 3’splice site of exon 4 is a weak splicing acceptor that cannot be recognized by the 

splicing machinery leading to the exclusion of exon 4. A functional TRA protein only produced in 

female (detail see below) can promote the binding of TRA-2 protein to the cis-regulatory region to form 

a complex that activates 3’splice site of exon 4, resulting in the inclusion of exon 4 in female-specific 

splicing of dsx. In absence of TRA in males, dsx pre-RNA is spliced by default and exon 4 is excluded 

and exon 3 and exon 5 are joined; (2) Sex-specific splicing of tra pre-mRNA. It contains four exons 

and there is an early stop codon on exon 2. The SXL protein (black ovals), which is only present in 

females, is the splicing factor of tra that can bind at the 3’ splice site of exon 2 resulting in the exclusion 

of first part of exon 2 containing the early stop codon. Female-specific splicing of tra encodes a 

functional TRA protein (green ovals); (3) Sex-specific splicing of Sxl pre-mRNA. The Sxl gene contains 

two different promotors and produces two different transcripts at early and late embryonic stages, 

respectively. In the early embryonic stage when the X:A ratio is 1, the early SXL protein is produced 

and acts as the splicing factor of late Sxl pre-mRNA leading to the female-specific splice form. The 

female-specific splicing of Sxl translates into a functional SXL protein (brown ovals). When the X:A 

ration is 0.5 the early SXL protein is absent and the Sxl is OFF and induces male development. The late 

SXL protein is essentially similar to the early SXL protein. It can maintain its own expression by an 

autoregulatory mechanism (indicated with an arrow) (Sakamoto et al., 1992). Figure modified from 

Suzuki, (2018).  
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Dsx is functionally conserved in the sense that DSX proteins direct male or female 

development. The conservation of functional domains among DSX orthologs is an important 

feature. DSX proteins have two functional domains, an N-terminal DNA binding domain 

(DM domain) and a C-terminal dimerization domain (Erdman et al., 1996; Raymond et al., 

1998). In Drosophila, DSXM and DSXF share the DM domain which is encoded by the first 

three common exons of dsx mRNA. The DM domain is not only functionally conserved in 

invertebrates but also in vertebrates and consists of a zinc finger motif that is involved in 

transcription regulation (Erdman and Burtis, 1993; Zhu et al., 2000; Laity et al., 2001; Volff 

et al., 2003). Besides dsx, some other DM genes have been identified that have conserved 

functions relating to sexual differentiation. For example, in mammals, a DM domain gene, 

doublesex mab 3 related transcription factor (Dmrt1) exists, which is involved in testis 

development (Raymond et al., 2000; Lints and Emmons, 2002). The dimerization domain at 

the C-terminal direction of DSXF and DSXM is an α-helical motif that enhances the DNA 

binding activity of the N-terminus DM-domain (Cho and Wensink, 1998; Bayrer et al., 2005). 

It contains a common region and sex-specific segment which is the only difference between 

DSXF and DSXM, regulating downstream target genes differently (Erdman et al., 1996; 

Williams and Carroll, 2009). 

Interestingly, whereas dsx is highly conserved across insect species, considerable variation 

has been found in tra orthologs. A probable cause of this variation is the dual function of tra 

as the central gear in insect sex determination. On one side tra is being regulated by a variety 

of instructor signals, leading to activation or inhibition of the regulatory loop, and on the 

other side, it functions as a splicing factor for dsx. These are two opposing features, as 

instructor signals are diverse, but regulation of dsx splicing is conserved. 

Cellular memory gene: transformer (tra) 

In many insects, the gene in the middle of the sex determination cascade is tra that regulates 

the alternative splicing of dsx. Like dsx, its pre-mRNA is spliced differently in females and 

males (Boggs et al., 1987; Baker, 1989; Belote and McKeown, 1989; Kopp et al., 2000). If 

tra transcripts are male-specifically spliced, a premature stop codon is included, leading to a 

truncated, non-functional TRA protein (Boggs et al., 1987). Female-specific tra mRNA 

codes for a full-length functional TRA protein that directs the female-specific splicing of dsx 

transcripts. In all insect species where tra is involved in sex determination, the alternative 

splicing of tra transcripts is regulated by TRA itself, except for Drosophila, where Sex-lethal 

(Sxl) does this (Figure 1.2) (Cline, 1984; Boggs et al., 1987; Sakamoto et al., 1992; Valcárcel 

et al., 1993; Pane et al., 2002; Lagos et al., 2007). This self-regulation gives rise to a so-called 

autoregulatory loop that ensures the continuous production of functional TRA once the 

process has been activated. Alternative splicing and autoregulation are important features of 

insect sex determination.  
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Tra orthologs have been identified in many other insects than drosophilids and they are 

variable in nucleotide and protein sequences. For example, the molecular organization of tra 

and its protein sequences have been investigated in three tephritids, i.e. Anastrepha (Ruiz et 

al., 2007), Ceratitis (Pane et al., 2002) and Bactrocera (Lagos et al., 2007). Ruiz et al. (2007) 

showed that their sex-specific splicing patterns differed and their TRA protein sequences 

exhibited low similarity. All three TRA proteins are longer than that of Drosophila. Pane et 

al. (2002) obtained similar results when they aligned the TRA protein sequences of Ceratitis 

capitata and five other drosophilids. Thus, TRA proteins of non-drosophilids are longer than 

that of drosophilids, owing to an extra tract of amino acids at both the N- and C- terminal 

regions. Outside Diptera, a homologue of tra, feminizer (fem), has been identified in 

honeybees Apis mellifera. Like tra in Drosophila, the fem transcripts are sex-specifically 

spliced (Hasselmann et al., 2008). Male-specific fem mRNA contains an early in-frame stop 

codon encoding a truncated protein, whereas female-specific fem mRNA contains a complete 

open reading frame that translates into a functional protein that is the functional equivalent 

to TRA protein in sex determination (Hasselmann et al., 2008). In another hymenopteran 

species, Nasonia vitripennis, a tra ortholog was identified that I will describe in more detail 

below. 

TRA orthologs show some conserved structures in the various insect orders. They comprise 

three shared structures: a CAM domain (for Ceratitis-Apis-Musca), an RS domain (Arg/Ser-

rich region), a P-rich domain (proline-rich region), and an order-specific domain. Except for 

Drosophila, TRA proteins in all insects investigated thus far contain the CAM domain which 

is presumed to be required for the autoregulation of tra (Hediger et al., 2010). The RS and P-

rich domains are also present in all insects, and they are highly conserved as they may 

function in splicing regulation (Tian and Maniatis, 1993; Williamson, 1994). The function of 

the order-specific domain remains unknown (Geuverink and Beukeboom, 2014).  

Instructor signals 

In insect species that have tra as part of the sex determination cascade, the instructor signal 

either promotes or inhibits the production of functional TRA. In Drosophila, the ratio of X 

chromosomes to autosomes (X: A) acts as the instructor signal. Different transcript doses of 

specific X-linked genes lead to the early activation of Sxl (Baker and Ridge, 1980; Cline, 

1984; Parkhurst et al., 1990). The Sxl gene has two different promotors that promote the 

production of two different transcripts at either the early or late embryonic stages (Bell et al., 

1988). The Sxl early transcripts are dose-dependently activated by three X-linked genes: runt, 

sisterless-a, and sisterless-b (Cline, 1988; Torres and Sanchez, 1992). In the early embryonic 

stage, if the chromosomal ratio XX: AA=1:1 (two X chromosomes, and two sets of 

autosomes), the expression level of the three X-linked genes is high enough to activate the 
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Sxl early promoter leading to early SXL protein (Figure 1.2). Since dose compensation is 

installed at a later embryonic stage, the expression level of these genes is not sufficient in 

males, that have only one X chromosome (XY) to activate the early Sxl promotor (Cline, 

1983; Erickson and Quintero, 2007). The early SXL protein in females promotes the splicing 

of late Sxl pre-mRNA resulting in Sxl female-specific form from which encodes a functional 

late SXL protein (Bell et al., 1988). The early SXL protein and late SXL protein differ slightly 

in their N-terminal amino acids and the late SXL can maintain its own expression by an 

autoregulatory loop throughout development (Cline, 1984; Sakamoto et al., 1992) (Figure 

1.2). However, since there is insufficient early SXL protein in males, the late Sxl pre-mRNA 

is spliced by default which contains an in-frame stop codon leading to nonfunctional SXL 

protein (Pomiankowski, et al., 2004). Therefore, in Drosophila, the default state of 

development is male, as female development needs activation of Sxl.  

Housefly Musca domestica also has an XY GSD system, but here female development is the 

default mode and a dominant male-determiner (M-factor) acts as the instructor signal by 

inhibiting the production of a functional TRA protein (Franco et al., 1982; Nöthiger and 

Steinmann-Zwicky, 1985; Dübendorfer et al., 2002). Interestingly, several different 

mechanisms of sex determination have been found in natural populations of M. domestica 

(Wagoner, 1969; Dübendorfer et al., 2002). The classical system is that the M factor is 

located on the Y chromosome (Hiroyoshi, 1964; Schmidt et al., 1997). When the M factor is 

present, the female-specific splicing of tra is inhibited resulting in the tra autoregulation loop 

being OFF (Hediger et al., 2010).  

The Drosophila and Musca examples show that instructor signals located on the sex 

chromosomes control sex determination in insects through either activation or inhibition of 

the production of a functional TRA protein. However, in haplodiploids, there are no sex 

chromosomes, although both tra and dsx orthologs are present, such as documented for Apis 

melifera (Hasselmann et al., 2008) and Nasonia vitripennis (Verhulst et al., 2010). So the 

question is: what is the instructor signal in the absence of sex chromosomes and how does 

the instructor signal control sex determination in haplodiploids? I will investigate this in the 

haplodiploid model species Nasonia vitripennis.  
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Haplodiploid sex determination  

Complementary sex determination (CSD) 

Some insect groups, like all hymenopterans, do not have sex chromosomes, but they have 

haplodiploid sex determination, in which males are haploid and develop from unfertilized 

eggs, and females are diploid and develop from fertilized eggs (Figure 1.3). The most 

abundant mechanism of haplodiploid sex determination appears to be complementary sex  

 

Figure 1.3: Haplodiploidy and complementary sex determination. (A) Under haplodiploid reproduction, 

males are haploid and develop from unfertilized eggs, whereas females are diploid and develop from 

fertilized eggs. (B) Under Single locus complementary sex determination (sl-CSD) heterozygotes at the 

csd locus are females, whereas homozygotes or hemizygotes are males. 
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determination (CSD), which has been proposed in 1933 for the parasitic wasp Habrobracon 

juglandis by Whiting (Whiting, 1933). Under CSD, sex is determined by the allelic state of 

the complementary sex determiner (csd) gene(s) (Beye et al., 2003). CSD can be classified 

into two categories depending on how many sex loci are involved, single–locus (sl-CSD) and 

multi-locus (ml-CSD). Under sl-CSD, sex is determined by a single-sex locus, and 

individuals that are heterozygous at this locus develop into diploid females whereas 

hemizygous or homozygous individuals develop into haploid and diploid males, respectively 

(Whiting, 1939; Baker, 1989; Van Wilgenburg et al., 2006) (Figure 1.3B). Under ml-CSD, 

two or more independent loci are involved in sex determination. Heterozygosity at any locus 

leads to female development, whereas hemizygosity or homozygosity at all loci leads to male 

development (Whiting, 1940; Crozier, 1971). Species with ml-CSD produce lower 

proportions of diploid males upon inbreeding than those with sl-CSD. As diploid males are 

often sterile or unviable (but see Cowan and Stahlhut, 2004), ml-CSD is considered to have 

evolved as an adaptation to inbreeding (Crozier, 1971). sl-CSD is considered to be the 

ancestral mode of sex determination in Hymenoptera and it has been experimentally validated 

in over 60 species (Van Wilgenburg et al., 2006; Heimpel and de Boer, 2008; Asplen et al., 

2009; Harpur et al., 2013).  

The molecular basis of CSD, the csd gene has only been identified in the honeybee A. 

mellifera (Beye et al., 2003). It encodes an SR-type protein of which the C-terminal region 

shows high similarity with FEM protein, the Apis ortholog of TRA. Only if the CSD protein 

is produced from a heterozygous genotype, fem pre-mRNA is female-specifically spliced, 

resulting in a functional FEM protein that directs female-specific dsx splicing (Hasselmann 

et al., 2008) (Figure 1.1). If the CSD protein is derived from hemizygous (haploid, 

unfertilized eggs) or homozygous (diploid, fertilized eggs) genotypes, it is non-active, and 

fem pre-mRNA is spliced into male-specific transcript resulting in male development (Gempe 

et al., 2009) (Figure 1.1). The exact regulatory mechanism is not yet elucidated, but involves 

protein-protein interactions of non-identical CSD peptides to yield a functional CSD protein 

complex (Beye, 2004).  

In CSD species, inbreeding leads to homozygosity at sex determination loci, so the existence 

of CSD in a species can be inferred by inbreeding crosses (Petters and Mettus, 1980; De Boer 

et al., 2007). However, many parasitoid wasps, including Leptopilina and Nasonia, do not 

produce diploid males, not even under complete homozygosity or after extreme inbreeding, 

which indicates that another mechanism determines sex in these species (Whiting 1960; 

Heimpel and de Boer, 2008; Tulgetske and Stouthamer, 2012; Ma et al., 2013). Little is 

known about the molecular details of these alternative mechanisms, but the pathway of 

Nasonia has been well studied. 
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Sex determination in Nasonia 

Sex determination models  

Nasonia wasps are emerging as an important insect model in evolutionary and developmental 

biology. The genomes of the four known species have been sequenced and an extensive 

genetic toolkit is available (Lynch and Desplan, 2006; Werren et al., 2010). For many years, 

studies on sex determination in non-CSD hymenopterans have focused on Nasonia, and 

several alternative models of sex determination have been proposed. Beukeboom et al. 

(2007b) have discussed the plausibility of those models and rejected some of them based on 

previous observations on sex determination in N. vitripennis. Two mechanisms, maternal 

effect sex determination (MESD) and genomic imprinting sex determination (GISD), can 

accommodate the observations on sex determination in Nasonia (Crozier, 1977; Cook, 1993; 

Beukeboom and Kamping, 2005; Beukeboom et al., 2007a). The MESD model predicts that 

a maternal product is put into the egg by the female during oogenesis. This is consistent with 

the finding that maternally provided tra mRNA is detected in both fertilized and unfertilized 

eggs and is required for female development (for details see below) (Verhulst et al, 2010). 

The GISD model predicts that a paternally inherited set of chromosomes is required for 

female development. Many observations on a polyploid mutant and the paternal sex ratio 

(PSR) strain support this model. In the polyploid strain, triploid females produce haploid and 

diploid male offspring from unfertilized eggs, but also diploid and triploid female offspring 

from fertilized eggs (Beukeboom and Kamping, 2005). The diploid male and female 

offspring of triploid females both contain two chromosome sets with the only difference that 

the daughters have a set of the paternal genome. In addition, females crossed with PSR-carrier 

males produce only male offspring as the paternal genome is destroyed by the supernumerary 

PSR chromosome in the fertilized egg (Nur et al., 1988; Beukeboom and Kamping, 2005). 

These observations are consistent with the paternal genome being required for female 

development. Based on these additional observations, a modified model for sex 

determination in Nasonia was proposed as the maternal effect genomic imprinting sex 

determination (MEGISD) model (Beukeboom et al., 2007b).  

The MEGISD model predicts that in arrhenotokous (females from fertilized diploid eggs, 

males from unfertilized haploid eggs) haplodiploids, a feminizing gene on the maternally 

inherited genome is silenced by imprinting, but active on the paternally inherited genome. 

Haploid unfertilized eggs only harbor an imprinted copy of the gene and develop into males, 

whereas in diploid fertilized eggs, containing a non-imprinted copy on the paternally 

inherited genome (Beukeboom et al., 2007b; van de Zande and Verhulst, 2014). Thus, 

according to this model, a feminizing zygotic sex determination gene (zsd) is imprinted by a 

maternal effect gene (msd) during oogenesis (Beukeboom et al., 2007b). However, the 



General introduction 

 

15 

 

molecular basis and identity of both the feminizing gene and maternal effect gene in 

MEGISD have not yet been elucidated. 

Sex determination genes  

Many studies on sex determination in N. vitripennis have been published over the last 20 

years, and our knowledge of sex determination in N. vitripennis has rapidly increased. The 

dsx and tra orthologs have been characterized in N. vitripennis.  

Doublesex  

The dsx ortholog (Nvdsx) has been identified in N. vitripennis and has been confirmed to be 

conserved in its gene structure and function (Oliveira et al., 2009). The pre-mRNA of Nvdsx 

is sex-specifically spliced into two transcripts that translate into two different protein DSXF 

and DSXM, respectively (Oliveira et al., 2009). The sex-specific splicing pattern is shown in 

Figure 1.4. As in Drosophila, the Nasonia DSX protein has two highly conserved domains, 

the DM domain and the oligomerization domain (dimer domain). A phylogenetic analysis 

based on the combined protein sequences of the two regions showed that Nasonia DSX 

protein clusters with DSX proteins from other insects (Oliveira et al., 2009). In addition, 

amino acid sequence alignment of Nasonia DSX protein with those of other insects revealed 

that both the Nasonia DM and dimer domains are conserved (Oliveira et al., 2009). These 

results suggest that dsx function as a double switch is conserved in Nasonia sex determination.  

Transformer 

N. vitripennis transformer (Nvtra) has been identified by screening the Nasonia genome for 

homologous to Drosophila tra and Apis csd (Verhulst et al., 2010; Werren et al., 2010). As 

expected, the Nvtra pre-mRNA is sex-specifically spliced into a male- or female-specific 

isoform (Verhulst et al., 2010). The Nvtra gene consists of 9 exons and 8 introns, and the 

sex-specific splicing pattern is illustrated in Figure 1.4. Three differentially spliced forms 

were found in males as cryptic splicing sites in exon 2 (Verhulst et al., 2010). All the male-

specific transcripts contain one or more in-frame stop codons, so that translation terminates 

prematurely leading to truncated proteins, whereas the female-specific Nvtra has a stop codon 

in exon 9 yielding a single complete transcript, thus encoding a functional TRA protein 

(Verhulst et al., 2010). Like TRA in other insects, it harbors the two conserved domains, 

Arg/Ser-rich and proline-rich domain (Werren et al., 2010). Knocking down Nvtra in females 

resulted in decreased levels of female-specific splicing of Nvdsx, which indicates that the 

functional TRA protein is required for Nvdsx splicing, like in other insects species (Verhulst 

et al., 2010). When functional TRA protein is produced, the Nvdsx pre-mRNA will be spliced 
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into the female mode leading to female development, otherwise, it is spliced into the male 

mode.  

 

 

Figure 1.4: The genetic basis of sex determination in Nasonia and sex-specific splicing pattern of 

Nasonia doublesex (Nvdsx) and transformer (Nvtra). (1) Sex-specific splicing of Nvdsx pre-mRNA: 

The first four exons are shared between females and males; the last exon is differentially spliced; the 

whole region of the last exon is a single fragment of 1082 bp composed of the fifth exon in males; in 

females, it is interrupted by an intron of 108 bp and split into two additional exons. (2) Sex-specific 

splicing of Nvtra pre-mRNA: it contains nine exons and some early stop codes on exon 2; female-

specific splice form has the first part of exon 2 without the stop codon and can encode a functional TRA 

protein (light-orange ovals; the male-specific splice form contains the stop codon leading to a truncated 

protein. The TRA protein controls itself, forming an autoregulatory loop (arc arrow). The loop is 

initiated by maternally provided mRNA of Nvtra. The TRA protein is required for female-specific 

splicing of Nvdsx. (3) the sex of Nasonia is determined by the ON/OFF regulation of zygotic tra. When 

zygotic Nvtra is ON, embryos develop as females; when zygotic Nvtra is OFF, male development 

follows. The zygotic Nvtra is activated by wom which is only active from the paternal genome. Wom 

together with the maternal input of Nvtra mRNA switch on the tra autoregulatory loop resulting in 

female development. 

  



General introduction 

 

17 

 

Verhulst et al. (2010) found that like in other tra or fem carrying species (except Drosophila), 

the splicing of Nvtra pre-mRNA is promoted by TRA itself forming an autoregulatory loop. 

The maternal input of Nvtra mRNA is essential for the onset of the autoregulatory loop. 

Injection of Nvtra dsRNA into female pupae decreased the amount of maternal input of Nvtra 

and resulted in the full sex-reversal of fertilized diploid eggs to fertile diploid males, which 

indicates that maternally provided Nvtra mRNA is required for female development 

(Verhulst et al. 2010). The maternal input of Nvtra mRNA has been found in both fertilized 

and unfertilized 0-5 hour old eggs, but it is zygotically expressed only in fertilized eggs 

(Verhulst et al., 2010; Verhulst et al., 2013) (Figure l.4). Zygotic expression of Nvtra peaks 

at 5-7 hours post-oviposition (hpo) in fertilized eggs but not in unfertilized eggs (Verhulst et 

al., 2010). These observations are consistent with predictions of the MEGISD model.  

There are two possible explanations for the zygotic expression of Nvtra only present in 

fertilized eggs. Firstly, Nvtra itself could be maternally silenced resulting in no zygotic 

expression in unfertilized eggs, whereas, in the fertilized egg, only the non-silenced paternal 

copy would be active and produce sufficient amount of Nvtra mRNA to maintain the 

autoregulatory loop leading to female development (Verhulst et al., 2010, 2013). 

Alternatively, an activator of Nvtra could be maternally silenced in unfertilized eggs without 

zygotic Nvtra and in fertilized eggs, the non-silenced paternal copy can activate both alleles 

of Nvtra and maintain the autoregulatory loop leading to female development. Interestingly, 

using a genetic polymorphism in Nvtra, Verhulst et al. (2013) made reciprocal crosses 

between the strain AsymCX and Russia Bait which harbors an 18 bp deletion-polymorphism 

in a non-functional part of the tra gene, and showed that zygotic Nvtra is transcribed from 

both paternal and maternal genomes, suggesting that Nvtra itself is not maternally imprinted 

but rather an upstream regulator of Nvtra. This regulator was termed wasp overruler of 

masculinization (wom) (refers to womanizer in Verhulst et al., 2013). Therefore, the 

hypothesis is that wom is maternally silenced in unfertilized eggs, leading to the default male 

pathway, whereas in fertilized eggs, the paternal copy of wom is active, where it can activate 

zygotic Nvtra from both paternal and maternal genomes resulting in female development. 

Wom has not yet been molecularly identified and characterized. The goal of my PhD project 

is to identify this hypothetical gene. This will add to the elucidation of the molecular basis of 

genomic imprinting sex determination, which is a novel mechanism of sex determination in 

insects.  
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Mutant strain: HiCD12 

There exists a mutant sex determination strain of N. vitripennis, called HiCD12 (for high 

Canadian 12) that is highly useful for my studies into the identification of wom. This strain 

can produce gynandromorphic individuals that have both male and female phenotypic traits, 

or even entirely female phenotypes from unfertilized eggs (Beukeboom et al., 2007a; 

Kamping et al., 2007). It was artificially selected from a Canadian field-derived strain (CD12) 

for a high proportion of gynandromorphy production (Kamping et al., 2007). Virgin females 

from HiCD12 can produce up to 10% gynandromorphs at normal culturing temperature 

(25℃), but the proportion of gynandromorphs can be increased to 40% by exposing mothers 

or early embryos to high temperature (31℃) (Kamping et al., 2007). Flow cytometry analysis 

confirmed that gynandromorphs and individuals with entirely female morphology are haploid, 

indicating that they develop from unfertilized eggs (Kamping et al., 2007). In addition, 

Kamping et al. (2007) presented evidence that a nuclear genetic factor combined with a 

heritable cytoplasmic component (e.g. mitochondria) causes gynandromorph production. The 

nuclear factor has been shown to be a maternal-effect locus mapping on chromosome IV, and 

it was termed gyn, but it has not been molecularly identified in Nasonia. The cytoplasmic 

component remains unknown. 

Under the MEGISD model, these aberrant in HiCD12 individuals can be explained by 

improper maternal imprinting of wom, resulting in female development of unfertilized eggs 

without the presence of a paternal genome. Thus, we hypothesize that unfertilized eggs from 

HiCD12 virgin females carry an incompletely imprinted wom copy, so that wom is still 

expressed, leading to partial zygotic Nvtra expression and (partial) feminization. This raises 

the question of whether the wom and gyn are the same gene or gyn is an upstream silencer 

for wom. The former predicts that wom itself is mutated in HiCD12 in such a way that it can 

not be silenced properly during oogenesis. The latter predicts that the upstream regulator of 

wom, gyn, is a mutation in HiCD12 that could not silence wom completely leading to partial 

expression of wom from the maternal genome.  
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Aim of the research and thesis overview 

The main aim of my PhD project is to further unravel the sex determination pathway of 

Nasonia. In the Nasonia sex determination pathway, the wom gene is hypothesized to act as 

the instructor signal that is required for female development by activating zygotic tra. It is 

predicted to be only active in diploid early zygotes, even earlier than zygotic Nvtra (5 hpo), 

and only transcribed from the paternal genome set. I aim to identify this hypothetical gene 

wom and investigate its function in the sex determination pathway. This project will for the 

first time characterize the primary determinant of sex in hymenopterans lacking CSD. It may 

also provide more information about the diversity of sex determination mechanisms and 

contribute to understanding the evolutionary forces driving the evolution of sex 

determination mechanisms.  

Chapter 2: In this chapter, to identify the instructor gene of N. vitripennis, transcriptomes of 

early embryos from unmated and mated wild-type females and unmated gynandromorph-

producing females are compared to sort out female-specific differentially expressed genes 

(DEG). A gene, that is expressed in female and gynandromorphic embryos but not in male 

embryos, is identified as a candidate gene (wom) for the instructor sex-determination gene. 

It encodes a protein of 580 amino acids.  

Chapter 3: In this chapter, further evidences are present, that the candidate gene wom indeed 

acts as the instructor gene in N. vitripennis sex determination. Wom is specifically expressed 

in early diploid embryos from fertilized eggs, but not in haploid embryos from unfertilized 

eggs. Wom mRNA is only transcribed from the paternally inherited allele but not from the 

maternally inherited allele, indicating that it is maternally silenced. Knockdown of its zygotic 

expression in early diploid embryos resulting in a shift from diploid female to male 

development demonstrated that wom is essential for female development. In addition, wom 

knockdown significantly decreased tra transcription, indicating that its mode of action is the 

timely activation of zygotic tra expression. Reversely, tra knockdown did not affect the early 

embryonic expression of wom in fertilized eggs, indicating that wom acts upstream of tra in 

the sex-determination cascade.  

Chapter 4: In this chapter, I describe the DNA and protein structure of wom, revealing a novel 

instructor gene. It encodes a protein that contains a P53-like and coiled-coil domain, 

suggesting that it may function as a transcription factor involved in female development by 

activating zygotic tra expression. Wom is only present in genera Nasonia and Trichomalopsis. 

The sequence and structure of wom are conserved within these two genera. The female-

determining function is conserved within genus Nasonia. Phylogenetic analysis reveals that 

wom has originated from a p53 homolog (p53-2) after incorporation of a partial duplication 

of the neighboring gene LOC100678853 before the split of Nasonia-Trichomalopsis and the 
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other species. The genomic region wom exhibits a complex pattern of DNA duplication and 

rearrangements, suggesting that it has been a site of dynamic genomic rearrangements 

generating the de novo instructor gene. These findings contribute to understanding the origin 

of instructor genes and the evolution of sex-determination mechanisms in insects 

Chapter 5: In this chapter, I summarize the findings of the research chapter 2-4, discuss the 

new data of the instructor gene wom of Nasonia, compare wom with other identified 

instructor genes, and raise some open questions that can be addressed in the future. 
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