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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 
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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. 
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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. 



 

 

 

Chapter 2  

Identification of a candidate gene for the instructor 

signal of sex determination in Nasonia vitripennis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is submitted as part of: 

Zou, Y., Geuverink, E., Beukeboom, L.W., Verhulst, E.C., and van de Zande, L. (2020) A 

P53-domain coding gene mediates paternal instruction of female sex determination in the 

haplodiploid wasp Nasonia. Science, Under Revision.  
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ABSTRACT 

Hymenopteran insects have haplodiploid sex determination; typically, males develop from 

unfertilized eggs and are haploid, whereas females develop from fertilized eggs and are 

diploid. The complementary sex determiner (csd) locus in the honeybee is thus far the only 

identified sex-determination instructor in hymenopterans. However, most parasitoid wasps 

do not have csd, such as Nasonia vitripennis. Based on previous research, an instructor gene 

was inferred in this species, termed wasp overruler of masculinization 1  (wom). It was 

predicted to be specifically expressed in diploid fertilized eggs leading to female 

development. Here, a candidate gene for wom is described, that encodes a protein of 580 

amino acids. It was identified by comparing the transcriptomes of early embryos from 

unmated and mated wild-type females and unmated gynandromorph-producing females.  

 

 

 

 

 

 

 

 

 

 

 

 

 

1 The name wasp overruler of masculinization refers to womanizer in Verhulst et al., 2013. 
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INTRODUCTION 

Insect sex determination occurs by a cascade of genes that evolve bottom-up, leading to a 

large diversity of primary instructor signals (Wilkins, 1995). In some species, sex 

determination involves instructor genes located on sex chromosomes. Several Y-linked male-

determining factors (M-factors), that act as the instructor signal, have been recently identified. 

They include Maleness-on-the-Y (MoY) in the fruit fly Ceratitis capitata (Meccariello et al., 

2019), Musca domestica male determiner (Mdmd) in the housefly Musca domestica (Sharma 

et al., 2017), and Yob and Nix in the mosquitoes Anopheles gambiae (Krzywinska et al., 2016) 

and Aedes aegypti (Hall et al., 2015), respectively. However, not all insects possess 

differentiated sex chromosomes. For instance, all hymenopteran insects are haplodiploid with 

females developing from diploid fertilized eggs and males developing from haploid 

unfertilized eggs. Although the conserved components of the sex determination cascade, 

transformer (tra) and doublesex (dsx), are present in hymenopterans (described in Chapter 1) 

(Cho et al., 2007; Hasselmann et al., 2008; Oliveira et al., 2009; Verhulst et al., 2010; 

Geuverink et al., 2018), little is known about the nature of instructor signals in the absence 

of sex chromosomes. 

The gene complementary sex determiner (csd) is the only reported instructor gene from 

Hymenoptera. It is part of the CSD sex-determination system and induces female 

development when the zygote is heterozygous at this locus, whereas male development 

occurs under homozygosity or hemizygosity (Beye et al., 2003). The parasitoid wasp Nasonia 

has no CSD. Instead, a maternal effect genomic imprinting sex determination model 

(MEGISD) was proposed, in which a feminizing gene is active on the paternal genome and 

silenced on the maternal genome (Beukeboom et al., 2007b; Verhulst et al., 2010). Haploid 

unfertilized eggs only contain the maternal silent copy and thus develop into males. Diploid 

fertilized eggs contain an additional paternally inherited active copy of this gene and develop 

into females. It was shown that this gene is not tra itself, as transcripts from both the maternal 

and paternal tra allele are present in diploid embryos (Verhulst et al., 2013). Therefore, a 

putative feminizing gene, termed wasp overruler of masculinization (wom), was inferred as 

an instructor gene (refers to womanizer in Verhulst et al., 2010; 2013). Wom is considered to 

be essential for female development and is predicted to be expressed in early diploid female 

embryos only and to be transcribed from the paternal allele only.  

The mutant N. vitripennis strain HiCD12 is highly useful to identify wom. Females of this 

artificially selected strain produce a high proportion of gynandromorphic progeny from 

unfertilized eggs at an elevated temperature (31℃) (Kamping et al., 2007). Haploid 

gynandromorphic progeny shows female phenotypic traits in an anterior-posterior gradient 

or even an entirely female phenotype. Based on the MEGISD model a possible explanation 
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for gynandromorphism is that wom is incompletely silenced during oogenesis, and therefore 

still expressed in haploid unfertilized eggs, resulting in partial or complete female 

development, as described in chapter 1.  

This study identifies wom and characterizes its molecular structure. Transcriptomes of 2-5 

hour post-oviposition (hpo) embryos from unmated and mated wild-type females and 

unmated gynandromorph-producing females are compared. A candidate gene for wom is 

identified and its basic structure is described.  

MATERIALS AND METHODS 

Wasp strains  

The Nasonia vitripennis strains used in this study were: (1) AsymCX, a wild-type laboratory 

strain cured from Wolbachia infection by antibiotic treatment, collected in Leiden, The 

Netherlands and maintained since 1971 (Breeuwer and Werren, 1990; van den Assem and 

Jachmann, 1999). The genome of this strain has been sequenced and annotated (Werren et 

al., 2010); (2) HiCD12, an artificially selected strain that produces a high frequency of 

gynandromorphs, originally collected as CD12 in Ontario, Canada (Kamping et al., 2007). 

Virgin HiCD12 females produce about 40% of haploid individuals with both male and 

females traits (gynandromorphs) or even with complete female morphological characters 

when exposed to high temperature (31℃) (Beukeboom et al., 2007; Kamping et al., 2007). 

All wasp strains were maintained on Calliphora sp. pupae as hosts at 25℃ and 16L:8D. 

Sample preparation for RNA-seq 

Embryo sample collection 

Haploid and diploid embryos were collected from wild-type strain AsymCX and 

gynandromorphic embryos were collected from mutant strain HiCD12 for transcriptome 

sequencing. AsymCX and HiCD12 virgin females were collected at the black pupal stage 

and kept individually at 31℃ until emergence. These virgin females were transferred to egg-

laying chambers in which hosts were partially covered with a 500μl Eppdendorf tube cut 

0.5cm from the end, so wasps could only oviposit into the anterior side of hosts. This 

facilitated localization and collection of embryos (Lynch and Desplan, 2006). Females were 

rehosted daily for five days to stimulate egg production at 31℃. Embryo collection took place 

from day 6 onwards, as at this age, HiCD12 virgin females produce a high frequency of 

gynandromorphs. Haploid embryos were collected 2-5 hours post-oviposition (hpo) at 31℃. 

Fifty embryos per sample were collected from hosts in 50μl 99% ethanol and stored at -80℃ 

until RNA extraction. A second group of AsymCX females was mated and used for collecting 
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diploid embryos at 31℃, although they produce approximately 10% haploid embryos. All 

females were provided with another host overnight, and the sex ratio of the adult offspring 

of these hosts was used to confirm the proper mating of the AsymCX females and to assess 

the proportion of gynandromorphs among the offspring of the HiCD12 virgin females.  

In this study, haploid embryos from unfertilized eggs develop into males and diploid embryos 

from fertilized eggs develop into females, except for mutant strain HiCD12 in which haploid 

embryos develop both male and female traits. I thus refer to normal haploid embryos as "male 

embryos" and diploid embryos as "female embryos" and otherwise "gynandromorphic 

embryos". 

RNA extraction and RNA sequencing  

RNA was extracted from six pooled embryo samples (two male, two mostly female, and two 

gynandromorph) using TriZol (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

protocol. Briefly, each sample was homogenized with a motorized pestle (Thomas Scientific, 

Swedesboro, NJ) in 200μl TriZol, after which an additional 800μl TriZol was added. After 

isolation, RNA was dissolved in 20μl RNA-free water (Fermentas, Hanover, MD, USA). The 

RNA concentration and purity were measured with a Nanodrop (Thermo Scientific, DE) and 

the integrity was tested with a Bioanalyzer (Agilent Technologies, CA) and then about 2ug 

total RNA per sample was sent to GATC Biotech (Germany, now part of Eurofins Genomics) 

for sequencing. cDNA libraries were poly-A purified and prepared using the TrueSeq RNA 

Sample Preparation Kit (Illumina) according to the manufacturer’s protocol. Each sample 

was 100 bp paired-end sequenced on the Illumina HiSeq2000 platform.  

RNA-seq analysis for detecting differentially expressed genes (DEGs)  

Quality control of raw reads 

RNA-seq analysis was performed on the local Galaxy instance of Wageningen University 

(https://galaxy.wur.nl/) using the Tuxedo pipeline. The quality of raw sequencing data was 

checked by FastQC v0.10.1(Andrews, 2010). The Trimmomatic tool was used to cut the 

adapter, trim the reads with a sliding window of 4 bp based on quality score and drop reads 

when the length was below 50 bp (Bolger et al., 2014). Then two libraries of each category 

were pooled for differential expression analysis. 

Mapping reads to the reference genome 

To identify differentially expressed genes (DEGs) from RNA-seq datasets of male, female 

and gynandromorphic embryos, the trimmed reads were first aligned to a reference genome 

https://galaxy.wur.nl/
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with Tophat2 v2.0.9 (Galaxy Version 0.7) (Trapnell et al., 2009). The Tophat2 tool can align 

splice junctions to the reference genome and thus be used to identify novel transcripts. The 

used reference genome was ‘Nvit_2.1_genomic.fa’ (GCF_000002325.3), and the fasta 

headers were changed to match with gene annotation .gff3.gz file. All files are available on 

(ftp://ftp.ncbi.nlm.nih.gov/). The median insert size and deviation of the alignments were 

calculated by the Picard tool (CollectInsertSizeMetrics) for final mapping. Based on the 

outputs from Picard, sequencing reads were subsequently mapped to the reference genome, 

with the insert size at 11 bp, the standard deviation at 106 bp, minimum intron length at 50 

bp and maximum realign edit distance at 0, with other settings at default state. As the 

reference genome was established from AsymCX, for HiCD12 libraries, the max realigns 

edit distance and final read mismatch were set to 5 to allow for the difference in sequence 

against the reference genome which increased read mapping ratio from 87% to 93.3%. 

Differential gene expression analysis 

To identify possible transcripts and to generate a final transcriptome assembly from the 

alignments, the mapped reads were assembled against a modified gene annotation .gff3 file 

from which all tRNA annotations were removed to prevent errors using Cufflinks v2.2.1 

(Galaxy Version 0.1) with standard length correction. Then, all the output .gtf files were 

merged with default settings by Cuffmerge. The gene expression level was quantified by 

Cuffquant using standard length correction and the output files were used for differential 

expression analysis by Cuffdiff. Expression levels were compared between samples to 

identify differentially expressed genes (DEGs) with the geometric library normalization 

method, pooled dispersion estimation method, and bias correction, with other settings as 

default. 

The resulting list of DEGs was loaded on a web-tool, Vennt (http://drpowell.github.io/vennt/), 

to generate Venn diagrams, and it was filtered by adjusting the p-value in False Discovery 

Rate (FDR) threshold and the log-fold-change threshold. Our previous study has confirmed 

that zygotic tra starts at 5 hpo and the expression level of tra is higher in female embryos 

than that in male embryos after 5 hpo (Verhulst et al., 2010). Here, to induce 

gynandromorphism in the HiCD12 strain, all the embryos were reared at 31℃ which also 

speeds up embryonic development. Thus, in these 2-5 hpo embryos, tra is already starting to 

be zygotically expressed in diploid female embryos and not in haploid male embryos. The 

cut-off the False Discovery Rate (FDR) at ≤0.05 and log-fold change at ≥3 was chosen 

because it yielded the smallest list of DEG with the inclusion of tra in the comparison of 

diploid and haploid embryos.  

ftp://ftp.ncbi.nlm.nih.gov/
http://drpowell.github.io/vennt/
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RNA extraction, cDNA conversion and gDNA isolation for molecular 

study 

After RNA-seq analysis, cDNA and genomic DNA (gDNA) were obtained for functional 

analysis of the wom gene. All RNA samples were extracted with TriZol reagent (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s instructions. The gDNA contamination was 

removed with DNase-I (Invitrogen, Carlsbad, CA, USA). Then cDNA synthesis was 

performed on the total RNA with RevertAid™ H Minus First Strand cDNA Synthesis Kit 

(Fermentas, Hanover, MD, USA). The gDNAs were isolated from the whole body of 

individual male wasps following a high salt extraction protocol (Aljanabi and Martinez, 

1997). 

Gene structure verification 

The candidate gene for wom was previously annotated as LOC103317656, but it has been 

withdrawn in the present N. vitripennis genome release (Werren et al., 2010; Rago et al., 

2016). Therefore, we re-predicted the gene structure of the genomic region to which reads 

from mostly female and gynandromorphic sets were mapping. These genomic sequences (2.5 

kb) were used to search for potential protein-encoding genes by GenScan 

(http://genes.mit.edu/GENSCAN.html) with default parameters (Burge and Karlin, 1997; 

1998;) and Fgenesh (http://www.softberry.com/) with N. vitripennis specific parameters 

(Salamov and Solovyev, 2000; Solovyev et al., 2006). 

The predicted gene structure was confirmed by reverse transcription (RT)-PCR on 3-5 hpo 

mostly female embryos RNA with 3 replicates and individual male gDNA with two replicates 

by GoTaq DNA Polymerase (Promega, Madison, WI, USA). PCR conditions were: 94℃ for 

3min, then 35 cycles of the 30s at 94℃, 30s at 55, 30s at 72℃ and 7 min at 72℃. PCR products 

were visualized on a 1% agarose gel and Sanger sequenced by GATC Biotech (Konstanz, 

Germany). Primer information is provided in table S2.2. 

  

http://genes.mit.edu/GENSCAN.html
http://www.softberry.com/
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RESULTS 

Transcriptome sequencing of early embryos 

To identify wom, duplicate cDNA libraries were established for 2-5 hpo embryos from mated 

females (AsymCX) and unmated females (AsymCX and HiCD12). These libraries were 

sequenced by Illumina HiSeq. They yielded 22.8 and 36.7 million reads from male samples, 

41.3 and 34.0 million reads from female samples, 27.5 and 34.9 million reads from haploid 

gynandromorphic samples. After quality control, there were more than 93% high-quality 

reads that mapped to the published Nasonia genome (Werren et al., 2010). These libraries 

were considered to be representative and used to analyze differential gene expression in early 

embryos. 

Differential gene expression analysis by RNA-seq 

Differentially expressed genes (DEGs) were identified by pairwise comparison of the three 

sample sets. The resulting list of DEGs was loaded on the web-tool Vennt. When the False 

Discovery Rate (FDR) was set at ≤0.05 and log-fold change ≥3, there were only 2 genes that 

showed differential expression between female and male embryos (Table 2.1 and Figure 

2.1A). One of these genes was tra, that has already been established to be higher expressed 

in female embryos compared to male embryos (Verhulst et al, 2010). Tra showed a 4-fold 

higher expression in female embryos compared to male embryos (Table S2.1). The second 

gene was LOC103317656 and showed a 100-fold higher expression in female embryos 

(Table S2.1). The same settings led to a set of 53 differentially expressed genes between 

haploid gynandromorphic and male embryos (Table 2.1 and Figure 2.1A). Both tra and 

LOC103317656 were among the genes in that set and showed higher expression in 

gynandromorphic embryos (Figure 2.1A and Table S2.1). Note that the offspring of virgin 

HiCD12 females can develop female characteristics. In contrast, under the same settings of 

FDR and log-fold change, there were 57 genes to be differentially expressed in the 

comparison of gynandromorphic and female embryos (Table 2.1 and Figure 2.1B), but 

neither tra nor LOC103317656 was among these genes (Table S2.1). These results led us to 

conclude that the gene LOC103317656 is significantly higher expressed in embryos that 

(partly) develop as females and is, therefore, the compelling candidate gene for wom. 
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Table 2.1: Number of differentially expressed genes (DEGs) identified from three pairwise RNA-seq 

comparisons of female, male, and gynandromorphic embryo pools. 

 

 

 

 

Figure 2.1: Venn diagram of differentially expressed genes (DEGs). (A) The number of unique and 

shared DEGs of pairwise comparisons between Female versus Male (blue) and Male versus 

Gynandromorph (Gyn, green) embryos. Two genes, tra and LOC103317656, are present in both 

pairwise comparisons. (B) The number of unique and shared DEGs of pairwise comparisons between 

Female versus Male (blue) and Female versus Gynandromorph (red) embryos. No gene overlaps with 

both pairwise comparisons. The two genes, tra and LOC103317656, are unique for the pairwise 

comparison of Female versus Male progenies. FDR ≤0.05, fold change ≥3. ↑ represents up-regulated 

(n=31 in Male vs). Gynandromorph; n=36 in Female vs. Gynandromorph); ↓ represents down-regulated 

(n=20 in Male vs. Gynandromorph; n=21 in Female vs. Gynandromorph).  

 

  

RNA-Seq datasets 

comparaison (2-5 hpo 

embryos) 

Number of DEGs in 

total 

Number of DEGs 

up-regulated 

Number of DEGs 

down-regulated 

Female_Male 2 0 2 

Female_Gynandromorph 57 36 21 

Male_Gynandromorph 53 31 22 
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Characterization of the wom gene 

The DEGs were mapped to the reference genome with the Integrative Genomics Viewer 

(IGV) (Thorvaldsdóttir et al., 2013). Many reads from the female and gynandromorphic 

embryos mapped to the locus LOC103317656, whereas none of the reads from the male 

embryo dataset mapped to this locus (Figure 2.2). This is a confirmation that this locus is 

early transcribed in both female and gynandromorphic embryos but not in male embryos. 

 

Figure 2.2: Visualization of mapped reads in the wom candidate region (LOC103317656). Sequence 

reads from female (top plot), male (middle plot), and gynandromorph embryos (bottom plot) cDNA 

libraries are aligned to wom candidate region in the Integrative Genomics Viewer (IGV). Histograms 

show the coverage depth of the mapped reads at each locus; horizontal grey bars indicate sequence 

reads; vertical color lines indicate variants in the sequence; horizontal blue lines indicate splice 

junctions from a single read. 

 

To identify the region comprising the wom gene, 2.5 kb of genomic sequences from 

LOC103317656 were used to search for potential protein-encoding genes. The GenScan 

algorithm predicted one gene consisting of four exons with an open reading frame (ORF) of 

1479 bp encoding a polypeptide of 492 amino acids in length (Figure 2.3A). The Fgenesh 

algorithm predicted one gene consisting of three exons with an ORF of 1743 bp encoding 

580 amino acids in the polypeptide chain (Figure 2.3A). Exons 1-2 and introns 1-2 were 

present in both predictions, but where Fgenesh predicted one exon 3, GenScan predicted an 

intron of 50 bp in the sequence, resulting in two exons, 3 and 4. 
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Figure 2.3: Wom gene structure verification. (A) Two genes were predicted in the wom candidate 

genomic region by GenScan and Fgenesh, respectively. The Fgenesh predicted gene consists of two 

introns shared with the GenScan predicted gene, but the GenScan predicted gene has an extra intron 3. 

Length of GenScan predicted gene is shorter than the Fgenesh predicted gene. A primer pair (dark 

arrows) was used to detect the presence of intron 3 and the blue line represents the target region. (B) 

PCR confirmation of the absence of intron 3 in wom. The three left cDNA amplifications are from 3-5 

hpo female embryos; the next two amplifications are from adult male gDNA samples. (-) indicates the 

negative control with no cDNA template; the right lane depicts the size standard. 
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To ascertain the correct gene structure, a primer set NvEx3F1&NvEx3R2 was designed to 

target the differentially predicted region (Figure 2.3A). This primer set would amplify a 601 

bp fragment from cDNA and a 651 bp from gDNA if an intron were present. With no intron, 

amplification from both cDNA and gDNA would yield a 651 bp fragment. As shown in 

Figure 2.3B, PCR products from cDNA and gDNA were of the same size, indicating that the 

structure Fgenesh predicted is correct. In addition, Sanger sequencing of cDNA fragments 

confirmed the absence of a 50 bp intron. To finally establish the correct gene structure, the 

full gene was cloned and sequenced. The gene (hereafter called wom) contains an ORF of 

1743 bp encoding a predicted protein of 580 aa. The genomic organization of wom is depicted 

in Figure 2.4. 

 

 

 

Figure 2.4: Genomic organization of the wom gene. Black boxes indicate the coding region. The 

translation start codon (ATG) and stop codon (TAA) are marked above. White spaces represent introns 

with size in base pairs (bp). White boxes depict the 5’UTR and 3’UTR. The different primer 

combinations, depicted with arrowheads, were used to clone the wom candidate gene. 
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DISCUSSION  

In this study, a comparative transcriptome analysis was performed of 2-5 hpo male (haploid), 

female (diploid), and haploid gynandromorphic embryos to identify female-specific 

differentially expressed genes (DEG) that may include the instructor gene for N. vitripennis 

sex determination. The DEG lists from three categories were analyzed by adjusting the FDR 

and FC threshold leading to the identification of a candidate gene (wom) for the instructor 

gene in N. vitripennis. Based on a previous study, the instructor gene in N. vitripennis was 

predicted to be specifically expressed in early fertilized eggs leading to female development 

(Verhulst et al., 2010, 2013). Wom was indeed expressed in female and gynandromorphic 

embryos but not in male embryos. Note that the gynandromorphic embryos will develop as 

individuals with partial female characteristics. This makes wom an excellent candidate gene 

for the sex determination instructor gene in N. vitripennis. 

In hymenopterans, csd is the only identified instructor gene thus far. Identification of 

instructor signals in Hymenoptera will provide more information about the diversity of sex 

determination mechanisms and also help to understand the evolution of sex determination 

mechanisms in haplodiploids. Wom is a protein-coding gene consisting of 3 exons without 

splicing variants. The ORF of wom, spanning 1908 bp of genomic DNA, codes for a protein 

of 580 amino acids. Wom does not show any homology to csd or any other known instructor 

gene. This is consistent with the novelty of other reported instructor genes. For example, in 

Diptera, five identified male-factors, GUY1, Nix, Yob, Mdmd, and MoY, do not share any 

homology with each other (Hall et al., 2015; Criscione et al., 2016; Krzywinska et al., 2016; 

Meccariello et al., 2019; Sharma et al., 2017). The identification of wom stresses again that 

instructor signals in insect sex determination are extremely diverse, even between closely 

related species. This highlights the difficulty of identifying such instructor signals in insects. 

In the haplodiploid sex-determination system, males develop from unfertilized eggs with 

only the maternally inherited chromosome set, whereas females develop from fertilized eggs 

with both maternally and paternally inherited chromosome sets. This indicates that the 

paternal genome is essential for female development in haplodiploids. Previous studies have 

demonstrated that in N. vitripennis, maternally provided tra mRNA combined with timely 

zygotic tra transcription maintains an autoregulatory loop of TRA leading to female 

development (Verhulst et al., 2010). In unfertilized eggs, there is no zygotic tra transcription 

and the autoregulatory loop is off leading to male development by default (Verhulst et al., 

2010). The zygotic transcripts of tra in diploid embryos were found to be transcribed from 

both paternal and maternal alleles (Verhulst et al., 2013). These findings have suggested that 

the instructor gene in N. vitripennis is only active from the paternal allele and activates 

zygotic tra transcription resulting in female development, while in unfertilized eggs with 
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only the maternal allele, it is silenced resulting in male development. To further investigate 

whether wom act as the instructor signal in N. vitripennis sex determination, its expression 

pattern during development, the effect of allelic origin and gene function will be presented 

in the next chapter. 

 

Acknowledgements  

We would like to thank J. A. Lynch for discussing the RNA-seq experiment and performing 

pilot analyses and A. H. Rensink for technical assistance. Part of this work was funded by 

the Netherlands Organisation for Scientific Research to E.C.V (NWO Veni 863.13.014) and 

to L.W.B (NWO TOP grant no. 854.10.001), and China Scholarship Council to Y. Z. (CSC 

no. 201506240202). 



Identification of a candidate gene for the instructor signal of sex determination in Nasonia vitripennis 

 

35 

 

Appendix  

Table S2.1: List of differentially expressed genes (DEGs) identified from three pairwise RNA-seq 

comparisons of mostly female, male and gynandromorphic embryo pools with the false discovery rate 

(FDR) of ≤0.05 and the log-fold change (logFC) of ≥3. Two genes, LOC103317656 and tra (grey 

shading), were found higher expressed in (partly) female embryos. Gyn, gynandromorphic embryos; 

Sample Gene ID Gene symbol logFC Sample Gene ID Gene symbol logFC 

Female 

vs. 

Male 

XLOC_001145 LOC103317656 -100,00 

Female 

vs. Gyn 

XLOC_012163 LOC103317495 -100,00 

XLOC_013018 Tra -3,96 XLOC_012411 LOC100121870 -100,00 

Female 

vs. Gyn 

XLOC_000579 LOC100678004 100,00 XLOC_012620 LOC100114173 -100,00 

XLOC_000606 LOC100116939 3,40 

Male 

vs. Gyn 

XLOC_000663 LOC103316369 100,00 

XLOC_000663 LOC103316369 100,00 XLOC_001011 LOC103317204 100,00 

XLOC_001561 LOC103318091 4,43 XLOC_001145 LOC103317656 100,00 

XLOC_002128 LOC100122035 4,06 XLOC_013018 Tra 5,48 

XLOC_002130 LOC100122082 3,12 XLOC_001919 LOC103318171 100,00 

XLOC_002163 LOC100679626 3,59 XLOC_004969 LOC103315785 100,00 

XLOC_003481 LOC103315624 100,00 XLOC_005431 LOC100119127 100,00 

XLOC_005172 LOC100678752 3,70 XLOC_005433 LOC100119161 100,00 

XLOC_005432 LOC103315889 100,00 XLOC_005436 LOC103315892 100,00 

XLOC_005436 LOC103315892 100,00 XLOC_005437 LOC100114196 100,00 

XLOC_005437 LOC100114196 100,00 XLOC_006431 LOC103316106 100,00 

XLOC_005650 LOC100117369 3,44 XLOC_007488 LOC100124068 100,00 

XLOC_005714 LOC100119924 3,04 XLOC_008007 LOC100678206 100,00 

XLOC_005714 LOC100679373 3,04 XLOC_008026 LOC103316468 100,00 

XLOC_005721 LOC100120050 3,24 XLOC_008658 LOC100680310 100,00 

XLOC_006008 LOC103317920 100,00 XLOC_008660 LOC100115762 100,00 

XLOC_007488 LOC100124068 100,00 XLOC_008661 LOC103316614 100,00 

XLOC_007889 LOC100678941 3,12 XLOC_008738 LOC100120656 9,40 

XLOC_007967 LOC100680424 100,00 XLOC_009596 LOC100114377 100,00 

XLOC_008007 LOC100678206 100,00 XLOC_009693 LOC100679087 100,00 

XLOC_008654 LOC103316612 3,30 XLOC_009753 LOC103316856 100,00 

XLOC_008658 LOC100680310 100,00 XLOC_009754 LOC103316857 100,00 

XLOC_008660 LOC100115762 100,00 XLOC_009999 LOC103316916 100,00 

XLOC_008661 LOC103316614 100,00 XLOC_010450 LOC100678637 100,00 
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XLOC_008738 LOC100120656 8,28 XLOC_011702 LOC100679316 3,29 

XLOC_009596 LOC100114377 100,00 XLOC_011747 LOC100119601 4,07 

XLOC_009715 LOC100680544 3,49 XLOC_012244 LOC103317524 100,00 

XLOC_009753 LOC103316856 100,00 XLOC_012246 LOC100114757 100,00 

XLOC_009754 LOC103316857 100,00 XLOC_012822 LOC100679062 100,00 

XLOC_010450 LOC100678637 100,00 XLOC_001561 LOC103318091 4,55 

XLOC_011387 LOC103317270 100,00 XLOC_013318 LOC100678210 100,00 

XLOC_011745 LOC100679394 3,30 XLOC_000079 LOC103316785 -100,00 

XLOC_011747 LOC100119601 3,97 XLOC_000400 LOC100122048 -100,00 

XLOC_012244 LOC103317524 100,00 XLOC_000461 LOC100679699 -4,22 

XLOC_012246 LOC100114757 100,00 XLOC_000883 LOC100120601 -3,27 

XLOC_013249 LOC100678913 100,00 XLOC_001933 LOC100680153 -100,00 

XLOC_000079 LOC103316785 -100,00 XLOC_002473 LOC100122319 -4,37 

XLOC_000400 LOC100122048 -100,00 XLOC_002473 LOC103315401 -4,37 

XLOC_000461 LOC100679699 -4,67 XLOC_003460 LOC100116056 -3,17 

XLOC_000883 LOC100120601 -3,31 XLOC_004617 LOC100123085 -4,77 

XLOC_000924 LOC100678195 -3,06 XLOC_007499 LOC100124092, -5,23 

XLOC_001933 LOC100680153 -100,00 XLOC_007499 LOC103316308 -5,23 

XLOC_002473 LOC100122319 -4,41 XLOC_008607 LOC100119245 -5,21 

XLOC_002473 LOC103315401 -4,41 XLOC_009606 LOC100499182 -100,00 

XLOC_003460 LOC100116056 -3,18 XLOC_010123 LOC100678159 -4,59 

XLOC_004617 LOC100123085 -4,30 XLOC_011318 LOC100123854 -4,13 

XLOC_005679 Ndufb4 -3,54 XLOC_011723 LOC100116256 -100,00 

XLOC_007499 LOC100124092 -4,14 XLOC_011838 LOC103317419 -100,00 

XLOC_007499 LOC103316308 -4,14 XLOC_012085 LOC100116408 -3,56 

XLOC_007791 LOC100117731 -3,80 XLOC_012163 LOC103317495 -100,00 

XLOC_008607 LOC100119245 -5,12 XLOC_012411 LOC100121870 -100,00 

XLOC_008638 LOC100121701 -3,35 XLOC_012412 LOC100114321 -100,00 

XLOC_009606 LOC100499182 -100,00 XLOC_012446 LOC100122751 -100,00 

XLOC_011723 LOC100116256 -100,00 XLOC_012620 LOC100114173 -100,00 

XLOC_011838 LOC103317419 -100,00 XLOC_013205 LOC100122683 -3,34 

XLOC_012085 LOC100116408 -4,06 XLOC_001561 LOC103318091 4,55 
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Table S2.2 primer sequences  

 

 

 

 

 

 

 

Primer name Sequence (5'-3') 

Nvwom 5'UTR-F1 CGCCTTTCCCTACCGTATCTC 

Nvwom Ex2-R1 CGCTTCATTTGTCATCGGCT 

Nvwom Ex1-F1 GAATACACCTACCCGAATTTCTCGT 

Nvwom Ex3-R1 GTCTATTTGGAAGTAATCACGG 

Nvwom Ex2-F1 CACAGACAAATGCAGTCGCTC 

Nvwom 3'UTR-R1 CCCTTTGCAGCTCTTCAATCC 

Nvwom Ex3-F1 GCAACTCCGCAAAGTGTTCC 

Nvwom Ex3-R2 GGATAGTTCGTCGTTCGTTGTG 
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Chapter 3 

Functional analysis of wom during development in 

Nasonia vitripennis 

 

 

 

 

 

 

 

 

 

 

 

This chapter is submitted as part of: 

Zou, Y., Geuverink, E., Beukeboom, L.W., Verhulst, E.C., and van de Zande, L. (2020) A 

P53-domain coding gene mediates paternal instruction of female sex determination in the 

haplodiploid wasp Nasonia. Science, Under Revision.
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ABSTRACT 

The instructor signals of sex determination are little known in insects. In hymenopterans, the 

allelic state of the complementary sex determiner (csd) gene in honeybees is the only 

identified instructor gene thus far. However, many species of Hymenoptera, including 

Nasonia, do not have csd. Here, a candidate instructor gene for Nasonia vitripennis is 

presented, termed wasp overruler of masculinization1 (wom), that is temporally expressed in 

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

It is expressed from the paternal allele only, earlier than zygotic N. vitripennis transformer 

(tra) and its expression is essential for female development, as its knockdown in early 

embryos led to diploid male development after fertilization. As wom knockdown 

significantly decreased tra transcription, 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 is upstream of tra in the sex determination 

cascade. These results confirm that wom acts as the instructor gene in N. vitripennis sex 

determination by timely activating zygotic tra leading to female development. Wom is a novel 

instructor gene and another demonstration of the diverse recruitment of instructor signals in 

insect sex determination. 

 

1 The name wasp overruler of masculinization refers to womanizer in Verhulst et al., 2013. 
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INTRODUCTION 

In insects, the male and female alternative developmental pathways are primarily determined 

by various instructor signals. In many species, the instructor signal is transduced by a 

functional transformer protein (TRA). Only female-specific splicing of tra pre-mRNA yields 

the functional TRA protein that regulates female-specific splicing of doublesex (dsx) 

transcripts leading to female development (Boggs et al., 1987; Burtis and Baker, 1989; 

Hoshijima et al., 1991; Tian and Maniatis, 1993). In the absence of TRA, the transcripts of 

dsx are male-specifically spliced by default leading to male development. TRA also regulates 

the splicing of tra transcripts into the female-specific isoform, thus establishing an 

autoregulatory loop of the functional TRA production for maintaining the female state 

throughout development (Pane et al., 2002; Hediger et al., 2010), except in Drosophila 

melanogaster, in which Sex-lethal (Sxl) protein establishes an autoregulatory loop to regulate 

the female-specific splicing of tra transcripts, leading to female development (Sánchez and 

Nöthiger, 1982; Bell et al., 1988). 

The various instructor signals convey the sexual identity by either initiating (female 

instruction) or interrupting (male instruction) the TRA autoregulatory loop. In some dipteran 

species, Y-linked dominant male factors (M-factors) act as "loop breakers" to instruct male 

development. Examples are Mdmd in the housefly Musca domestica (Sharma et al., 2017) 

and MoY in the medfly Ceratitis capitata (Meccariello et al., 2019).  

The hymenopteran wasp N. vitripennis is haplodiploid; males are haploid developing from 

unfertilized eggs and females are diploid developing from fertilized eggs. Haplodiploidy 

represents the opposite scenario to that of many Diptera where a paternally provided gene is 

required for maleness. In N. vitripennis, a hypothetical instructor signal wom, provided by 

the male parent, was proposed to be essential for female development by activating zygotic 

tra transcription to initiate the TRA autoregulatory loop (Verhulst et al., 2010; 2013). Thus, 

necessary characteristics for wom are: 1) Expression in embryos from fertilized eggs only; 2) 

Early zygotic expression, before tra expression; 3) Transcription only from the paternal allele; 

4) Activation of zygotic tra expression; and 5) Knockdown resulting in a shift from female 

to male development of fertilized diploid eggs. 

In chapter 2, a candidate gene for wom was identified by differential expression analysis of 

RNA-seq data. In this chapter, to examine whether the candidate gene indeed acts as the 

instructor gene in N. vitripennis, its expression profile is investigated and compared with that 

of tra in embryos from unfertilized and fertilized eggs during development by RT-PCR and 

qPCR. Subsequently, the allelic origin of the wom transcripts is assessed by using a 

synonymous single-nucleotide polymorphism (SNP) in wom and reciprocal crosses. Finally, 
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wom and tra expression in the early diploid embryo were knocked down, to determine wom 

function and whether wom acts upstream of tra in the sex-determining cascade. 

MATERIALS AND METHODS 

Expression profile of wom  

The expression profile of wom was determined at different developmental stages: every hour 

for 0-10 hour post-oviposition (hpo) embryos, every 2 hours for 12-20 hpo embryos, 32 and 

48 hpo larvae, and freshly eclosed adult males and females. Male samples were obtained 

from virgin AsymCX females, and mostly female samples from AsymCX females mated 

with Russia Bait males (see below). Note that all-female samples cannot be obtained, but by 

hosting mated females individually they fertilize most (about 90%) of their eggs. About 60 

embryos, 30 larvae, and one adult per sample (five replicates per life stage) were collected in 

100 % ethanol and stored at -80 ℃ until RNA isolation. 

RT-PCR amplification of wom as well as of N. vitripennis tra were performed on the same 

time series RNA samples. Tra was amplified with primer pair NvTra-F2&NvTra-R3 

targeting the sex-specific splicing region which served as the positive control (Verhulst et al., 

2010). RT-PCR conditions were as in chapter 2, with an annealing temperature of 55℃ for 

primer tra and 58℃ for primer NvwomEx1/2-F2&NvwomEx3-R3 (Table S3.1). 

Quantitative PCR analysis  

Expression levels of tra and wom were quantified by qPCR. As the RT-PCR analysis of wom 

in time series samples revealed that it was temporally expressed in early fertilized eggs, 

qPCRs were only performed on the 1-10 hpo embryo samples. The qPCR assays used 6μl of 

a 10-fold cDNA dilution and PerfeCTaTM SYBR®Green (300nM) mix (Quanta Biosciences, 

Gaithersburg, USA) with 250nM qPCR primers running on an Applied Biosystems 7300 

Real-Time PCR system (Foster City, CA, USA). All qPCR primers were designed across 

exons that produce distinguished products from cDNA and gDNA samples. Tra primers 

NvTra_qPCR-F1&NvTra_qPCR-R1 were located in the common region which measured the 

overall expression of female- and male-specific tra (Verhulst et al., 2010). Two reference 

genes were used, elongation factor 1 alpha (EF1α) (Verhulst et al., 2010) and arginine kinase 

3 (ak3) (Benetta et al., 2019). qPCR profiles were as follows: 95℃ for 3 min, 45 cycles of 

95℃ for 15s, annealing at (58℃ for wom, 55℃ for tra and EF1α, and 56℃ for ak3) for 30s 

and 72℃ for 30s. Five biological replicates and two technical replicates per sample were 

performed at each time point. All used primers are listed in Table S3.1. 
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qPCR results were analyzed with LinRegPCR (Ramakers et al., 2003). The program used a 

baseline correction on each sample separately to determine the individual PCR efficiencies 

by linear regression analysis, and then the mean PCR efficiency (Effmean) per amplicon was 

calculated. The fluorescence threshold is a fixed amount of fluorescence above the baseline 

and the cycle threshold (Ct) value is the PCR cycle number at which each sample 

amplification curve reaches the threshold line. The mean PCR efficiency and the Ct value 

were used to calculate a starting concentration of each PCR sample by the formula 

N0=threshold/(Effmean^Ct) (Ramakers et al., 2003; Ruijter et al., 2009), so the N0 value 

reflects the starting concentration of the template. N0 values from two technical replicates 

were averaged, so there were five N0 values at each time point, one for each of the five 

biological replicates. The relative expression of the target gene was normalized by N0 values 

of two reference genes (EF1α and ak3), respectively, according to the formula: Relative 

expression (Re)=Ratio=N0Target/N0Reference (Ramakers et al., 2003; Ruijter et al., 2009). 

The Re value for each sample was used for statistical analysis in SPSS v23.0 (IBM 

Corporation, USA). 

Allele-specific expression analysis of wom in early fertilized eggs  

To determine whether wom is allele-specifically expressed, wom was cloned from N. 

vitripennis laboratory strains HiCD12, Russia Bait, and STDR and sequenced to look for 

SNP differences with the AsymCX strain. PCRs were performed on gDNA from single adult 

males from those strains using primer pairs NvwomEx1-F1&NvwomEx3-R1. Based on the 

screening results (for details see Results), reciprocal crosses of AsymCX and Russia Bait 

were performed. As wom is expressed at a very low level before 4 hpo and after 7 hpo, F1 

embryos from 4 to 7 hpo (one-hour interval) were collected to determine the allelic 

expression of wom. Total RNA was extracted from F1 embryos, followed by removing the 

gDNA contamination, and then cDNA was generated as described above. RT-PCRs were 

performed to amplify the region of wom containing the SNP variation. 5µl PCR products 

were directly sequenced by Sanger sequencing (GATC Biotech, Konstanz, Germany) to 

detect the variable site. In addition, as the SNP can be recognized by restriction enzyme NheI 

(for details see Results), 10µl PCR product was digested with NheI (Thermo Fisher Scientific, 

Waltham Massachusetts) according to the manufacturer's protocol. The digested PCR 

products were visualized by non-denaturing 1% agarose gel electrophoresis.  

Parental RNAi with tra and wom  

To determine whether wom is an upstream regulator of tra, parental RNAi (pRNAi) was used 

to knock down tra and the expression level of wom in early fertilized eggs from tra dsRNA 

injected mothers was measured by qPCR. The tra dsRNA was synthesized and injected as 

described by Verhulst et al. (2010).  
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To investigate the function of wom, pRNAi was used to knock down zygotic wom in early 

fertilized eggs. As wom was found to be only expressed in very early fertilized eggs, injection 

of dsRNA into embryos may be too late to disrupt the zygotic expression. Hence, we first 

tried to inactivate the zygotic wom by pRNAi at the late female pupal stage. 

Wom dsRNA synthesis 

Two non-overlapping T7 PCR products, amplified from 5 hpo fertilized eggs RNA with 

primer NvwomRNAi-F1&NvwomRNAi-R1 containing T7 promoter sequences on both ends, 

were used as templates for dsRNA synthesis. The T7 PCR program was a 3 min initial 

denaturation step at 95℃ followed by 5 cycles of 30s at 95℃, 30s at annealing temperature 

54℃, and 45s at 72℃, followed by 35 cycles of 30s at 95℃, 30s at annealing temperature 59℃, 

and 45s at 72℃, and a final extension step at 72℃ for 7min. T7 PCR products were purified 

with the Genejet PCR purification kit (Thermo Fisher Scientific, Waltham Massachusetts, 

USA) according to manufacturer’s instruction. The purified PCR products were then used to 

produce sense and anti-sense transcripts for dsRNA synthesis with the Megascript RNAi kit 

(Ambion, Austin, Texas, USA) following the manufacturer’s procedures. The concentration 

and purity of the dsRNAs were measured by NanoDrop (Thermo Fisher Scientific, Waltham 

Massachusetts, USA) and the integrity was monitored by 1% agarose gel electrophoresis. 

The concentration of dsRNA was adjusted with nuclease-free water to get a final 

concentration of 3μg/μl and stored at -20℃ until injection.  

Wom dsRNA injection 

Wom dsRNA was injected into the abdomen of STDR black female pupae with a 

concentration of 2.5μg/μl mixed with red food coloring dye following a protocol described 

in Lynch and Desplan (2006). Green fluorescent protein (GFP) dsRNA and Milli-Q (MQ) 

injections were used as control. All injections were done with a micro-injector Femtojet 

(Eppendorf, Hamburg, Germany) connected with Femtotips Ⅱ needles (Eppendorf) under 

continuous injection flow.  

Phenotypic analysis after RNAi 

A cross between a red-eye mutant STDR and a wild-type AsymCX strain was used in RNAi 

experiments as previously described by Verhulst et al. (2010). The STDR strain carries a 

recessive mutant allele scarlet (st). Diploid females are homozygous st/st and haploid males 

are hemizygous st, both with red eyes. Heterozygous (st/+) individuals have wild-type purple 

eyes. Therefore, the ploidy level of individuals can be determined by their eye color. After 

emergence, the injected STDR females (st/st) were individually mated with wild-type 

AsymCX (+/+) males and provided twice with two hosts for two days to induce egg-
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production. Following this, these injected females were individually provided one host for 

one hour (for qPCR of wom) and two hours (for qPCR of tra) for embryo collection. 

Parasitized hosts were left at 25℃ for another 4 and 6 hours, and then stored at -80℃ until 

embryo collection and RNA isolation. In addition, the four initially parasitized hosts were 

incubated at 25℃ until adult emergence to screen offspring phenotypes. To confirm that 

males with purple eyes were indeed diploid, they were crossed to STDR females. As these 

males produce diploid sperm they father triploid daughters with wild-type eyes (st/+/+).  

Expression analysis of tra and wom after RNAi 

After RNAi, the expression levels of tra and wom were determined in 6-8 hpo and 4-5 hpo 

embryos respectively by qPCR. Those embryos were collected from wom and tra injected 

females (from -80℃ stored hosts parasitized by them) and from GFP dsRNA and MQ injected 

mothers as controls. EF1α and ak3 were used as reference genes. Five biological replicates 

with each two technical replicates were used per category and the relative expression level 

was calculated as described above. The expression differences of wom and tra between the 

RNAi samples and control samples were compared by Welch’s ANOVA test followed by 

Tukey’s post-hoc test in SPSS v23.0 (IBM Corporation, USA) and a significance level of 

0.05. The sex-specific splicing of tra was analyzed in 8-10 hpo embryos from mated wom 

and tra RNAi females by RT-PCR assays. RNA extraction, cDNA synthesis, RT-PCR, and 

qPCR analyses were performed as described above. All used primers are listed in table S3.1. 

Flow cytometric analysis of ploidy after RNAi 

The ploidy of F1 males with purple eyes (st/+) from pRNAi experiments was determined by 

flow cytometry. For flow cytometry, the head of each individual wasp was chopped off and 

homogenized in Galbraith buffer (21mM MgCl2, 30 mM tri-Sodium citrate dihydrate, 20mM 

MOPS, 0.1% Triton X-100, 1mg/l RNase A) with Dounce homogenizer. The samples were 

filtered (40µm), stained by propidium iodide (Sigma, St. Louis, Missouri, USA) and loaded 

on a MACSQuant flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany). Wild-

type diploid (female) and haploid (male) samples were used as the reference with five 

biological replicates per category. Flow cytometric data were analyzed with Flowlogic 

software (Mentone Victoria, Australia). 
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RESULTS 

Transcription profiles of wom during development 

Sex-specific and temporal expression of wom  

To profile the expression pattern of wom during embryogenesis, RT-PCR was performed on 

RNA samples of 1 to 48 hpo embryos from mated and virgin AsymCX females, as well as 

from male and female AsymCX adults. As the transcription level of tra served as a guide in 

the RNA-seq analysis, the expression profiles of wom were compared to that of tra at 

different developmental stages. As the expression pattern of tra is known over this time range, 

tra expression could also serve as the internal control for the quality of RNA samples and 

RT-PCR assays. 

As expected, until 7 hpo, only maternally provided female-specifically spliced tra transcripts 

are present in unfertilized eggs, and zygotic male-specific splicing of tra transcripts start to 

appear at 8 hpo and remain present during subsequent developmental stages (Figure 3.1B 

and S3.1B). In fertilized eggs, female-specifically spliced tra transcripts are present in all 

developmental stages (Figure 3.1A and S3.1A). The male-specific tra transcripts that were 

detected in some developmental stages are caused by the fact that mated females produce 

about 15-20% male offspring (Figure 3.1A and S3.1A). These results are consistent with 

previous findings of the sex-specific splicing pattern of tra during embryonic development 

(Verhulst et al., 2010), indicating that the RNA samples are suitable for the expression profile 

analysis.  

In contrast to tra, wom transcripts were not detected in unfertilized eggs throughout all 

developmental stages (Figure 3.1B and S3.1B), indicating that wom transcripts are not 

maternally provided and that there is no zygotic expression of wom in males. In fertilized 

eggs, wom transcripts were first observed at 3-4 hpo. The expression level starts to weaken 

at 8 hpo and 12-14 hpo wom expression has disappeared (Figure 3.1A and S3.1A). These 

results indicate that the wom gene is female-specifically expressed in the zygote at very early 

stages of embryogenesis. This is in agreement with the expected expression profile of wom. 
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Figure 3.1: Presence of wom and sex-specific splicing of tra during development. RT-PCR of (A) 

mostly females from fertilized eggs (B) male from unfertilized egg 1 to 48 hpo embryos. F and M: 

amplification from adult female and adult male cDNA; (-): no template reaction as the negative control; 

(gDNA): amplification from adult male gDNA as the control; filled arrows indicate male-specific 

splicing forms and open arrows indicate female-specific form. 
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Wom is transcribed earlier than tra 

Because wom was predicted to activate zygotic tra transcription, zygotic wom expression 

should appear before the onset of zygotic tra expression. To assess the relative expression 

levels of tra and wom, the same cDNA samples (1-10 hpo) as for the RT-PCR analysis were 

used to perform qPCR (Figure 3.2). The qPCR results show that the level of tra transcripts 

in unfertilized eggs starts to gradually decline from 5 hpo and then remains at low levels 

throughout subsequent developmental stages (Figure 3.2B). In fertilized eggs, tra expression 

is at similar levels as those of unfertilized eggs in the first 5 hpo, but a peak of tra expression 

is observed at 6 hpo (Figure 3.2B). This peak transcript level gradually drops to below one 

quarter. These zygotic tra expression patterns are consistent with previous studies (Verhulst 

et al., 2010).  

No wom expression is detected in unfertilized eggs consistent with the RT-PCR results. In 

fertilized eggs, wom is zygotically expressed within 2-3 hpo (Figure 3.2A), which is 

discrepant with the RT-PCR result, likely caused by the fact that very low levels of gene 

expression cannot be detected by RT-PCR (Figure 3.1A). There is a wom expression peak at 

5 hpo (Figure 3.2A), which is one hour before the tra expression peak (Figure 3.2B). 

Subsequently, an abrupt decline of expression is observed at 7 hpo. These results indicate 

that both the timing of onset of zygotic expression and the expression peak of wom are earlier 

than those of tra in fertilized eggs, which is consistent with the expected expression pattern 

for wom. 
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Figure 3.2: Relative expression levels of wom (A) and tra (B) normalized to EF1α in 1 to 10 hpo 

embryos from unfertilized and fertilized eggs. Black bars indicate mostly female embryos from 

fertilized eggs from mated AsymCX females; light grey bars indicate only male embryos from 

unfertilized eggs from virgin AsymCX females. Error bars represent SE.  
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Maternal silencing of wom gene 

Cloning of the wom genes from the N. vitripennis laboratory strains, HiCD12, Russia Bait, 

and STDR, resulted in the identification of an SNP marker between AsymCX and Russia 

Bait (Figure 3.3A). This SNP is a synonymous substitution in exon 3. The nucleotide from 

AsymCX is ‘T’ and from Russia Bait is ‘C’. Reciprocal crosses between AsymCX and Russia 

Bait were preformed and the allelic expression of wom was tested in F1 progeny using the 

SNP marker (Figure 3.3B). Sanger sequencing of wom RT-PCR products from cDNA of 4-

7 hpo F1 progeny showed that the mRNA variant from the cross of AsymCX (♂) x Russia 

Bait (♀) at the SNP locus is ‘T’, specific for AsymCX and that from Russia Bait (♂) x 

AsymCX (♀) is ‘C’ which is specific for Russia Bait (Figure 3.3C). This demonstrates that 

in both reciprocal crosses, wom mRNA is only transcribed from the paternal genome set.  

To confirm that wom is only expressed from the paternal genome set, we made use of the fact 

that the diagnostic SNP causes a restriction fragment length polymorphic (RFLP) site for 

NheI, changing the palindromic site GCTAGC (Russia Bait) to a non-palindromic site 

GCTAGT (AsymCX) (Figure 3.3D). RT-PCR products from cDNA of 4-7 hpo F1 progeny 

were used to establish the allelic origin of the wom mRNA by digestion with NheI. After 

NheI digestion of RT-PCR products, two bands of the expected size were observed from the 

cross of Russia Bait (♂) x AsymCX (♀) and only one band from the cross AsymCX (♂) x 

Russia Bait (♀) (Figure 3.3D). These findings confirm the results of the Sanger sequencing 

that wom is expressed only from the paternal allele in early diploid embryos and that the 

maternal allele is silenced 
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Figure 3.3: Wom is expressed from the paternal allele only. (A) Presence of an exonic SNP (red asterisk) 

of wom between the AsymCX (A) and Russia Bait (R) strains. (B) Reciprocal crossing scheme to test 

the allelic origin of the wom transcripts. M, maternal; P, paternal. (C) Sanger sequencing and (D) 

restriction fragment length polymorphism (RFLP) analysis of F1 4-7 hours post oviposition embryos 

from the reciprocal cross using Intron-spanning primers. In panel C, the NheI RFLP highlighted in 

yellow. In panel D, vertical arrows indicate the cutting site; the horizontal black arrow indicates a full-

length uncut substrate and white arrows indicate cleaved products. 
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Functional analysis of the wom gene 

Wom expression is independent of tra 

As, in principle, the expression of wom could be induced by the maternal provision of tra 

transcripts, parental RNAi (pRNAi) was performed to knock down all tra transcripts after 

which the expression level of wom was assessed. The diploid males resulting from the pRNAi 

can be distinguished from haploid males based on their eye color (Verhulst et al., 2010). 

Hence, the phenotype of the offspring from the injected females can be used to assess if the 

RNAi of tra is successful.  

Sixty tra dsRNA injected females produced 1662 diploid sons, 552 haploid sons, and no 

daughters (Table 3.1), indicating that tra was successfully knocked down. Indeed, a 

significant reduction of tra mRNA levels is observed in 6-8 hpo embryos from pRNAi 

injected females (Figure 3.4B and S3.2B) and tra is present in the male splice mode (Figure 

3.5). In addition, both haploid and diploid offspring numbers per mated tra RNAi female are 

lower than that from control GFP and MQ injected females (Table 3.1), consistent with other 

RNAi experiments on Nasonia that reported reduced fertility of RNAi injected females 

(Verhulst et al., 2010). In contrast, the diploid embryos from mated tra dsRNA injected 

females have equal levels of wom expression compared to mated GFP and MQ control 

injected females (Figure 3.4A and S3.2A). These results indicate that wom expression is not 

dependent on the maternal provision of tra mRNA and acts upstream of tra, which matches 

the expectation of wom expression regulation. 

 

Table 3.1: Summary of RNAi results. Tra dsRNA, wom dsRNA, green fluorescent protein (GFP), 

dsRNA, and Milli-Q (MQ) were injected into adult females and the phenotypes of their offspring scored 

(F1). The numbers of injected females are shown in the second column (P: ♀mated).  

Injection 

of 

P: ♀(mated) F1: 

haploid♂ 

F1: 

diploid♂ 

F1: 

diploid♀ 

F1:haploid 

per♀ 

F1:diploid 

per ♀ 

tra 60 552 1662 0 9.2 27.7 

wom 80 3237 1865 0 40.4 23.3 

GFP 50 664 0 2672 13.2 53.4 

MQ 50 839 0 2543 16.7 50.8 
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Figure 3.4: Wom and tra expression in early embryos from dsRNA treated females. (A) Wom 

expression in 4-5 hpo embryos of mated wom dsRNA and tra dsRNA injected females. (B) Tra 

expression in 6-8 hpo embryos of mated wom dsRNA and tra dsRNA injected females. Error bars depict 

SEM for five biological replicates. *P≤0.05, **P≤0.01, ***P≤0.001; n.s., not significant (Welch’s 

ANOVA followed by Tukey’s post-hoc test). 

 

 

Figure 3.5: Sex-specific splice isoforms of tra transcripts in RNAi experiments. Lanes 1-4 are tra 

amplifications from cDNA of 8-10 hpo diploid tra RNAi embryos; lanes 5-8 are the tra amplifications 

from cDNA of 8-10 hpo diploid wom RNAi embryos; lanes 9-11 and lanes 12-14 are from controls of 

Milli-Q (MQ) and Green Fluorescent Protein (GFP) dsRNA injections. White arrows indicate male-

specific splice isoform of tra; black arrow indicates female-specific splice isoform of tra.  
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Silencing of wom causes diploid males from fertilized eggs  

To assess the function of wom, wom expression was knocked down by RNAi in fertilized 

eggs. Because wom is very early expressed in the zygote, its zygotic expression was 

prevented by pRNAi (Bucher et al., 2002; Lynch and Desplan, 2006). The same method was 

applied as in the tra RNAi experiment. Embryos were collected at 5 hpo from 80 mated wom 

dsRNA injected females and the presence of wom was detected by qPCR. Embryos from 

injected females have significantly reduced wom mRNA levels compared to controls (Figure 

3.4A and S3.2A).  

The 80 wom dsRNA injected mated females produced 1865 diploid males (Figure 3.6), 3237 

haploid males, and no female offspring (Table 3.1). As there is no maternal provision of wom 

mRNA to the zygote (see above) this indicates that zygotic expression of wom is essential 

for female development.  

Interestingly, the number of haploid offspring per wom dsRNA injected female is 

significantly higher than that for tra dsRNA injected and control females, whereas the 

number of diploid offspring is less than half of that in controls (Table 3.1). As total brood 

size is not smaller, this suggests that injection of wom dsRNA into adult females has a 

negative effect on fertilization, possibly mediated by the altered tra expression.  

Wom is required for tra expression 

To test whether wom is involved in activation of tra zygotic expression, 6-8 hpo embryos 

were collected from mated wom dsRNA injected females and tra expression was measured 

by qPCR. The tra expression level of embryos from wom RNAi females is significantly 

lowered compared to controls (Figure 3.4B and S3.2B), indicating that wom expression is 

required for tra zygotic expression. As a consequence of the abolition of tra expression, male-

specific splicing of tra is observed in those embryo samples (Figure 3.5).  
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Figure 3.6: Flow cytometry of ploidy levels in adult Nasonia. (A) Normal haploid male. (B) Normal 

diploid female. (C) Male with wild-type eyes from mated RNAi female. Peak P1 corresponds to haploid, 

P2 to diploid, and P4 to tetraploid cells; male in (C) is diploid. DNA content is expressed by measuring 

the intensity of the propidium iodide with fluorescence channel PE-A B2-A on the X-axis.  
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DISCUSSION 

In chapter 2, a candidate gene wom was described for the instructor signal in N. vitripennis 

sex determination. In this chapter, further evidences are presented, that wom indeed fulfill 

this role in the sex-determination process of N. vitripennis. Wom is specifically expressed in 

diploid embryos from fertilized eggs, but not in haploid embryos from unfertilized eggs. It is 

likely to be maternally imprinted, as the wom mRNA is only transcribed from the paternally 

inherited allele but not from the maternally inherited allele. Knockdown of zygotic wom 

mRNA by pRNAi resulted in a shift from diploid female to male development, indicating 

that wom is required for female development. These findings are in line with the predictions 

of the Maternal Effect Genomic Imprinting Sex Determination (MEGISD) model of Nasonia, 

which proposes that an unknown female determination factor is silenced on the maternal 

genome but active on the paternal genome (Beukeboom et al., 2007b; Verhulst et al., 2010). 

A previous study has shown that the maternally silenced factor is not tra, as in diploid 

embryos from fertilized eggs both the maternal and paternal tra allele is transcribed (Verhulst 

et al., 2013). It was thus hypothesized that an unknown instructor signal acts upstream of tra 

in Nasonia (Verhulst et al., 2013). Our results confirm that wom acts as this instructor gene 

in N. vitripennis sex determination.  

Wom is the first reported imprinted gene in insect sex determination. Although genomic 

imprinting has been observed in some insects, the genetic and molecular basis of imprinting 

has not been uncovered. In sciarid flies, all zygotes start development with three X 

chromosomes and two sets of autosomes (3X:2A), including two paternally inherited and one 

maternally inherited X chromosome. The elimination of one paternal X chromosome in the 

zygote determines female development (2X:2A) whereas the elimination of two paternal X 

chromosomes results in male development (Crouse, 1960; Sánchez and Perondini, 1999). 

Only a paternally derived X chromosome is ever eliminated, never the maternal one, 

suggesting that X chromosomes of maternal and paternal in origin are epigenetically different 

(Crouse, 1960; Sánchez and Perondini, 1999). The molecular details of this long known X 

chromosome imprinting mechanism are still unresolved. This study is the first to shed some 

light on the epigenetic regulation of insect sex determination. 

Although it is shown that wom is maternally imprinted, the underlying mechanism that 

establishes the maternal imprinting of wom remains unknown. Typical mechanisms for 

genomic imprinting are DNA methylation and histone modification. DNA methylation 

modifies the CpG dinucleotides by replacing the hydrogen atom with a methyl group 

impeding the binding of transcriptional factors resulting in repressing gene transcription 

(Bird, 1984; Cedar, 1988). Chromatin structure can be altered by modifying amino acids of 

the histone proteins resulting in silencing or activation of gene expression (Kouzarides, 2007; 
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Suganuma and Workman, 2008). Future studies of the process that establishes the maternal 

imprinting of wom could start with testing for the role of DNA methylation and histone 

modification. 

Wom is the first paternal instruction gene for female development in insects, which represents 

a novel mode of sex determination regulation. In contrast, in dipteran insects, the paternally 

derived genome is required for male development. In many dipterans, the Y chromosome 

carries the male-determining factor (M-factor). When the Y-linked M-factor (Mdmd in 

housefly Musca, MoY in medfly Ceratitis, and Nix/Yob/Guy1 in mosquitoes) is present, the 

male pathway is initiated; when the M-factor is absent, the female pathway is activated (Hall 

et al., 2015; Criscione et al., 2016; Krzywinska et al., 2016; Sharma et al., 2017; Meccariello 

et al., 2019). However, hymenopterans, that have haplodiploid sex determination, do not have 

sex chromosomes; haploid males develop from unfertilized eggs with the maternally derived 

genome, whereas diploid females develop from fertilized eggs with a maternally and 

paternally derived genome. This indicates that the paternally derived genome is required for 

female development in hymenopterans. The only molecularly characterized instructor signal 

in Hymenoptera is csd in honeybee. The csd gene is not differentially present in males and 

females, but its allelic compositions instruct the sexual pathway; heterozygosity at the csd 

locus can only be achieved by having a paternal copy next to the maternal one, and leads to 

female development, whereas homozygosity or hemizygosity leads to male development 

(Beye et al., 2003).  

In this study, wom RNAi caused a significant reduction of tra expression level in fertilized 

eggs and the splicing of tra transcripts into male isoforms. Reversely, tra RNAi did not affect 

the early embryonic expression of wom in fertilized eggs. These results indicate that wom is 

required for zygotic tra expression, in line with its hypothesized function. Previous studies 

have demonstrated that tra acts as a binary switch in insect sex determination; functional 

TRA protein initiates female development, and absence of TRA induces male development 

(Boggs et al., 1987; Sosnowski et al., 1989). TRA typically regulates splicing of its own 

transcripts into the female-specific isoform establishing an autoregulatory loop of TRA 

production (Pane et al., 2002; Hediger et al., 2010). Our previous study suggested that 

maternal tra mRNA is initiating the autoregulatory loop and a threshold level of tra mRNA 

is essential for maintaining the autoregulatory loop in N. vitripennis (Verhulst et al., 2010). 

The current results suggest that wom initiates female development by activating tra 

transcription, in combination with maternal tra mRNA reaching up to the threshold level for 

maintaining the autoregulatory loop of TRA. However, this study did not yet provide any 

information on how wom activates zygotic tra expression. One possibility is that wom 

directly activates zygotic tra. For instance, it could act as a transcription factor that binds to 

the enhancer region of tra DNA, thereby increasing its transcription level. Alternatively, wom 
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could not directly target tra itself but a transcription regulator of tra. These possibilities need 

to be addressed in future studies. 
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Appendix    

Table S3.1 primer sequences  

 

Primer name Gene Sequence (5'-3') Application 

Nvwom Ex1-F1 Wom GAATACACCTACCCGAATTTCTC SNP typing for 

gDNA 
Nvwom Ex3-R1  GTCTATTTGGAAGTAATCACGG 

Nvwom Ex1/2-

F1 

Wom CCCGAATTTCTCAATGCCTTATCA qPCR 

Nvwom Ex3-R3  AAGATCATGCACGCTCGGAC 

NvTra_qPCR_F

1 

tra CGCCGTTCTAAGTCATTGAG qPCR 

NvTra_qPCR_
R1 

 ATCGGAATAATGCCTATCGT 

Nv EF1α-F1 EF1α CACTTGATCTACAAATGCGG qPCR, 

Nv EF1α-R1  GAAGTCTCGAATTTCCACAG 

Nvak3-F1 Ak3 AATTCAATCGGGTTCTGCTC qPCR, 

Nvak3-R1  CAGCATCTCATCTAACTTCTCTG 

NvTra_F2 tra GACCAAAAGAGGCACCAAAA RT-PCR 

NvTra_R3  GGCGCTCTTCCACTTCAAT  

Nvwom Ex1/2-

F2 

wom CCTACCCGAATTTCTCAATGCC RT-PCR 

Nvwom Ex3-R3  AAGATCATGCACGCTCGGAC 

Nvtra Ex2-F1 wom GACCAAAAGAGGCACCAAAA RT-PCR 

Nvtra Ex3-R1  GGCGCTCTTCCACTTCAAT 

Nvwom Ex1/2-

F1 

wom CCCGAATTTCTCAATGCCTTATCA SNP typing for 

cDNA 

Nvwom Ex3-R4  ATGTCGCTCTCCTGTTGATG 

Nvwom RNAi-
F1 

wom [TAATACGACTCACTATAGGG]TCGTCT
ATGGAAGACAATCAC 

RNAi 

Nvwom RNAi-

R1 

 [TAATACGACTCACTATAGGG]CTCTGA

CCAGTTCATTATTCGT 

Nvtra RNAi-F1 tra [TAATACGACTCACTATAGGG]CGAGAC
ATCAGTTAGAAGAT 

RNAi 

Nvtra RNAi-R1  [TAATACGACTCACTATAGGG]GTCTTGT

GGTCCTATGAAAC 

GFP RNAi-F1 GFP [TAATACGACTCACTATAGGG]ATCTTCT
TCAAGGACGACGG 

RNAi 

GFP RNAi-R1  [TAATACGACTCACTATAGGG]GTGCTC

AGGTAGTGGTTGTC 
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Figure S3.1: Relative temporal expression profiles of wom and tra in early embryos. The relative 

expression levels of wom (A) and tra (B) for early embryos from fertilized and unfertilized eggs were 

normalized to the reference gene ak3. Error bars depict SEM for five biological replicates. 
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Figure S3.2: Wom and tra expression in early embryos after RNAi treatment. The relative expression 

level of wom (A) and tra (B) from pRNAi embryos normalized to the reference gene ak3. The relative 

expression of wom in 4-5 hpo embryos (A) and of tra in 6-8 hpo embryos (B), of mated wom dsRNA 

and tra dsRNA injected females, were compared to that of control females by Welch’s ANOVA 

followed by Tukey’s test (*P≤0.05, **P≤0.01, ***P≤0.001; n.s., not significant). Error bars depict SEM 

for five biological replicates.
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Chapter 4 

Genomic organization and evolution of the instructor 

gene wom 
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ABSTRACT 

The mechanisms underlying the surprisingly diverse instructor signal evolution in insect sex 

determination are poorly understood. The identification of wasp overruler masculinization 

(wom) as a novel instructor gene in Nasonia vitripennis and its complex structure that evolved 

by gene duplication and genomic rearrangements enable further elucidation of its 

evolutionary history by homology searches. Here, it is shown that wom homologs are only 

present in the genera Nasonia and Trichomalopsis, and their sequences are highly conserved. 

The female-determining function is conserved within the genus Nasonia. Phylogenetic 

analysis using the P53-like domain, revealed the existence of a p53 homologous gene (p53-

2) in the superfamily Chalcidoidea. A part of another gene (LOC100678853 in Nasonia and 

its homolog in Trichomalopsis) has been incorporated into p53-2, giving rise to wom. 

Sequence analysis reveals that the P53-like and coiled-coil domains of wom genes have been 

under purifying selection, in line with its hypothesized function. These findings contribute to 

the understanding of the origin of instructor genes and the evolution of sex-determining 

mechanisms in insects.
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INTRODUCTION
 

Sex determination is the process that directs male or female development in the early 

embryonic stage. Although it is a fundamental process of life, the mechanisms of sex 

determination are highly diverse. The sexes in insects are determined by a hierarchy of genes, 

in which upstream genes regulate the activity of downstream genes. Over several decades, 

studies of the genetic and molecular basis of insect sex determination have revealed that the 

downstream genes are relatively conserved, but the upstream genes vary remarkably. The 

transformer (tra) and doublesex (dsx) genes have been identified as the downstream elements 

of the sex determination cascade, showing the considerable functional similarity between 

insect species; dsx acts as the master switch that eventually directs the differentiation into a 

male or female and tra regulates the splicing of dsx transcripts. Orthologs of tra and dsx have 

been identified in many insect species. However, orthologs of instructor signals at the top of 

the cascade are scarce.  

So far, only seven instructor genes have been identified in insects, of which five are male-

determining factors (M-factors) in Diptera (Mdmd, Nix, Yob, Guy1, and MoY) (Hall et al., 

2015; Criscione et al., 2016; Krzywinska et al., 2016; Sharma et al., 2017; Meccariello et al., 

2019) and two (indirect) female determiners (Sex-lethal gene (Sxl) in Drosophila (Cline, 

1984), and complementary sex determiner (csd) in Hymenoptera (Beye et al., 2003)). 

Although the characterized instructor genes show little homology, they share a similar 

molecular feature in that they seem to have evolved from existing genes, except for the 

recently identified MoY which is a short and unique non-coding sequence (Meccariello et al., 

2019). In Diptera, the M-factor of housefly Mdmd shares high sequence similarity to a 

spliceosomal factor gene CWC22 (nucampholin) (Sharma et al., 2017). An M-factor of 

mosquito, Nix, is a distant homolog of transformer-2, which is involved in the alternative 

splicing of dsx and tra transcripts, with 34-40% sequence similarity (Hall et al., 2015); two 

other M-factors of mosquitos, Yob and Guy1, are short sequences with the same length and 

both can encode a short protein of 56 amino acids with a helix-loop-helix (Criscione et al., 

2016; Krzywinska et al., 2016). In Hymenoptera, the only characterized instructor gene, csd 

in honeybee Apis melifera, contains a hypervariable sequence region and has many allelic 

variants. It encodes an arginine-serine-rich (RS) protein with more than 70% sequence 

similarity to its the downstream sex-determination gene feminizer (fem), the Apis tra ortholog 

(Hasselmann et al., 2008). The evolutionary mechanisms of instructor gene origination as 

well as the evolutionary forces that drive the diversity of instructor genes in insects are still 

poorly understood. Identification of more instructors in different species will help clarifying 

this enigma.  
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In chapters 2 and 3, a new insect instructor gene, wasp overruler masculinization (wom), of 

the haplodiploid wasp Nasonia vitripennis, was reported. It is required for female 

development by regulating the timely transcription of zygotic tra. In this chapter, I will focus 

on the genomic structure and the evolutionary history of this instructor gene. I first describe 

the complex genomic organization of the wom locus and show that wom is duplicated in N. 

vitripennis. Next, I investigate the presence of wom in other insect species and identify wom 

homologs by analysis on at both the DNA and protein level. Finally, as wom encodes a protein 

containing a P53-like domain, phylogenetic analyses of p53 and wom allowed me to learn 

more about the evolutionary history of wom, and to determine whether directional selection 

has been important in the evolution of wom. These results paint a picture of the rapid 

evolution of a sex determination instructor by extensive genomic rearrangements. 

MATERIALS AND METHODS 

Sequence analysis of wom in N. vitripennis 

The genomic sequence of wom (1909 bp) was used for a blastn search against the N. 

vitripennis (taxid: 7425) genome database in NCBI to find homologs. Motifs and domains in 

the WOM protein were predicted by the online program InterProScan 

(https://www.ebi.ac.uk/interpro/search/sequence/) (Quevillon et al., 2005).  

Allelic expression analysis of wom duplicate 

A single synonymous SNP was identified between, but not within, the two copies of wom in 

the STDR strain. It is the same SNP as used in Chapter 3 for detecting the allelic origin of 

wom. To assess if both copies of wom are expressed, early embryos (4-6 hour post-

oviposition) of this strain were collected and subjected to RT-PCRs to analyze the region of 

wom containing the SNP variation in the same way as described in Chapter 3. 

Wom sequence homology search 

The genomic sequence of wom (1909 bp) was used for homology search by blastn against 

the Hymenoptera (taxid:7399) genome datasets in NCBI. Wom homologous sequences were 

used to predict potential protein-coding genes by online program Fgenesh 

(http://www.softberry.com/) with Nasonia specific parameters (Salamov and Solovyev, 2000; 

Solovyev et al., 2006). 

Genomic organization of wom homologs  

https://www.ebi.ac.uk/interpro/search/sequence/
http://www.softberry.com/
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To explore if wom is also duplicated in closely related species, and to uncover the genomic 

organization of their wom loci, the sequence of wom homologs was blasted to the available 

genome sequence of Nasonia giraulti (Pacbio genome sequence, unpublished), Nasonia 

longicornis (NCBI, shotgun sequence), and Trichomalopsis sarcophagae (NCBI, shotgun 

sequence), respectively. 

Sequence alignments 

Sequences of wom homologs were aligned with N. vitripennis wom (Nvwom) using the 

online program Multalin (http://multalin.toulouse.inra.fr/multalin/). Amino acid sequences 

of WOM homologous proteins were aligned with NvWOM using UniProt 

(https://www.uniprot.org/align/). 

Functional analysis of wom in Nasonia  

As the template sequence for wom dsRNA synthesis in chapter 3 is the common region of 

wom and wom homologs, Nvwom dsRNA (used in chapter 3) can be used in RNAi against 

wom transcripts of N. giraulti and N. longicornis. To assess the function of wom in N. giraulti 

and N. longicornis, crosses between N. vitripennis (♀) and N. giraulti (♂)/N. longicornis (♂) 

were performed. Instead of injecting N. giraulti or N. longicornis females, red-eye mutant N. 

vitripennis STDR females were used in this RNAi experiment to be able to identify diploid 

males by their eye-phenotype (see in chapter 3). As wom mRNA is not maternally provided 

and only transcribed from the paternal genome (see chapter 3), the wom transcripts in the F1 

progeny of the crosses are from giraulti and longicornis males, respectively.  

Identification of p53 homologs in Chalcidoidea  

In the superfamily Chalcidoidea, p53 genes were only annotated from four species, including 

N. vitripennis (LOC100116126), Ceratosolen solmsi marchali (LOC105362659 and 

LOC105365634), Trichogramma pretiosum (LOC106658358), and Copidosoma floridanum 

(LOC106639380). To identify more p53 homologs in Chalcidoidea, the sequence of Nvwom 

and Nvp53 were blasted against the ‘Whole-genome shotgun contigs (wgs)’ and 

‘Transcriptome Shotgun Assembly (TSA)’ databases of Chalcidoidea (taxid:7422) in NCBI, 

respectively (accession numbers in Table S4.2). The homologous sequences from blast hits 

with query coverage above 30% were used for gene prediction by Fgenesh (Solovyev et al., 

2006). The predicted genes were manually annotated as p53 genes if they contain a p53-

domain coding region. Some p53 homologs could only partially be identified as they were 

located in incomplete sequenced regions. The sequence similarity of p53 homologs was 

analyzed by the program Sequence Identity And Similarity (SIAS) 

(http://imed.med.ucm.es/Tools/sias.html) with the default settings.  

http://multalin.toulouse.inra.fr/multalin/
https://www.uniprot.org/align/
https://www.ncbi.nlm.nih.gov/gene/100116126
http://imed.med.ucm.es/Tools/sias.html
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Phylogenetic analysis of p53 and wom  

To assess the evolutionary relationship between wom and p53 homologs, the full-length 

sequence and P53-like domain region of three WOM and 41 P53 homologs were used to 

construct phylogenetic trees, respectively, using the distance-based method Neighbor-joining 

(NJ), Maximum Likelihood (ML), and UPGMA by MEGA X (Kumar et al., 2018). All the 

protein sequences were aligned by CLUSTAL W or by MEGA X (Kumar et al., 2018). The 

bootstrap support for NJ and UPGMA was calculated from 1000, and the ML tree from 500 

replications. Trees were drawn to scale, with branch lengths in the same units as those of 

evolutionary distance used to infer the phylogenetic tree. The evolutionary distances were 

computed using the p-distance method (Nei and Kumar, 2000) and are in the units of the 

number of amino acid differences per site. The rate variation among sites was modelled with 

a gamma distribution (shape parameter=1). All positions with less than 95% site coverage 

were eliminated (partial deletion option).  

Directional selection analyses of wom 

To screen for signs of selection in the sequence of wom, the rate of nonsynonymous 

substitutions per nonsynonymous site (Ka) and synonymous substitutions per synonymous 

site (Ks) were analyzed between three wom genes, Nvwom, Ngwom, and Tswom-like, using 

a 40-bp sliding window analysis of the Ka/Ks ratio (SWAKK) 

(https://ibl.mdanderson.org/swakk/). 

  

https://ibl.mdanderson.org/swakk/
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RESULTS AND DISCUSSION 

Wom is duplicated in N. vitripennis 

The genomic organization of wom and its duplication is complex. The blast search of wom 

gene sequence against N. vitripennis released genome (GCF_009193385.1) in NCBI revealed 

that the entire wom gene is duplicated in antiparallel orientation on chromosome 1 (Figure 

4.1A). They are separated by an intergenic region of 31 kb. A 585 bp wom coding sequence 

(CDS) codes the P53-like domain (Figure 4.1B). Downstream of this region, a 591 bp wom 

CDS shares 83% nucleotide identity with a 573 bp region of the gene LOC100678853, which 

encodes a protein of unknown function and is also located on chromosome 1. The wom copy 

that is closest to the LOC100678853 gene is named womA and the further copy is named 

womB. In the 58.5 kb intergenic region between womA and LOC100678853, two motifs are 

present interspersed by 52 kb (Figure 4.1A). Motif I with a length of 789 bp has 93% 

similarity and motif II with a length of 330 bp has 98% similarity with the P53-like coding 

region of wom. The 330 bp sequence of motif II is completely included in motif I. In addition, 

an identical copy of motif II is located 2 kb downstream of womB. Apparently, this region of 

chromosome 1 has been a site of dynamic genomic rearrangements generating a de novo sex 

determination instructor signal.  

Both copies of wom are expressed in N. vitripennis  

Cloning and sequencing of wom from N. vitripennis (Nvwom) strain AsymCX, Russia Bait, 

and STDR revealed a synonymous SNP in exon 3 in both copies of wom. AsymCX has a T 

and Russia Bait has a C at this position in both copies, as haploid males show a single T 

(AsymCX) or C (Russia Bait) at this position when sequenced (see chapter 3). STDR is 

variable for the SNP between the two copies of wom, haploid males show both variants ‘T 

and C’ when sequenced (Figure 4.2A and B). To detect the expression state of both copies 

of wom, 4-6 hpo embryos were collected from STDR females which were mated with STDR 

males followed by RT-PCRs to amplify and analyze the region containing the SNP variation 

using the same method as for testing the allelic origin of wom in Chapter 3. Both the 

sequencing and NheI digestion results reveal that T and C are both present at the SNP position 

(Figure 4.2B and C), indicate that both copies of wom are transcribed in early diploid 

embryos.  
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Figure 4.1: Genomic organization of the wom locus in N. vitripennis. (A) Schematic illustration of the 

genomic organization of wom. Two identical copies, womA and womB, are present in antiparallel 

orientation. Two sequence motifs Ⅰ (dark grey block) and II (light grey block), are located in the 

intergenic region between womA and LOC10067885. Motif I is 789 bp and has 93% similarity with 

p53-like domain of wom (medium grey block). Motif II is 330 bp and shares 98% sequence identity 

with p53-like domain of wom (medium grey block) and has an identical copy 2 kb downstream of womB; 

part of the LOC10067885 coding region (yellow) has 83% similarity with the yellow block downstream 

of the p53-like domain in womA and womB. (B) Structure of the wom gene. 5’ and 3’ UTR regions are 

depicted as white blocks. Two introns are marked by the short horizontal lines with size in base pairs 

(bp). White block, unique region; medium grey block, p53-like region; yellow block, LOC10067885 

homologous region; green block, the coiled-coil region. The size of the regions in bp is listed below the 

blocks. 
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Figure 4.2: Both copies of wom are expressed in N. vitripennis. (A) Sequence of STDR with one SNP 

in exon 3 between the two wom copies. (B) Sanger sequencing of the PCR products from adult male 

genomic DNA and cDNA of 4-6 hpo diploid embryos. Red asterisk indicates the SNP locus. (C) 

Restriction fragment length polymorphism (RFLP) analysis of the 4-6 hpo diploid embryos. The 

horizontal black arrow indicates the full-length uncut PCR product and white arrows indicate cleaved 

products. 
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Wom homologs are present in genus Nasonia and Trichomalopsis  

Wom homologous sequences (E-value=0, identities >90%) were identified from N. giraulti, 

N. longicornis, and T. sarcophagae, a closely related species to Nasonia, when searched 

against the Hymenoptera genome datasets in NCBI. One wom homologous sequence was 

identified from the ‘Whole-genome shotgun contigs’ (wgs) database of N. giraulti strain 

RV2x on Contig185828 with 97% sequence similarity, one from the wgs of N. longicornis 

strain IV7 on Contig171535 with 95% sequence similarity, and one from wgs of T. 

sarcophagae strain Alberta Scaffold3792 with 96% sequence similarity. As none of the three 

genomes has been annotated, the three wom homologous sequences were used to predict 

putative protein-coding genes by Fgenesh (Solovyev et al., 2006). A protein-coding gene 

structure was identified from the wom homologous sequence of N. giraulti and T. 

sarcophagae, respectively, but not of N. longicornis, as only fragmented sequences are 

available for this region in this species.  

Wom homologs function as the instructor gene in genus Nasonia  

To assess the function of wom in N. giraulti and N. longicornis, wom expression was knocked 

down by parental RNAi in fertilized eggs. The same method was used as in chapter 3. Diploid 

male offspring were observed from those mated RNAi females. This indicates that wom of 

N. giraulti and N. longicornis are the N. vitripennis wom orthologs, and thus they are named 

Ngwom and Nlwom. However, T. sarcophagae is not being reared in our lab, so it was not 

possible to test its gene function. This gene is thus named Tswom-like. 

A single copy of wom is present in N. giraulti, N. longicornis, and T. 

sarcophagae 

The blast search of wom gene sequences against N. giraulti (Pacbio genome sequence, 

unpublished), N. longicorni (NCBI, shotgun sequence), and T. sarcophagae (NCBI, shotgun 

sequence) genomes yielded only a single significant blast hit to the entire wom sequence, 

indicating that these three species contain a single copy of wom. These findings suggest that 

the duplication of wom took place in N. vitripennis after the split of N. vitripennis and other 

Nasonia species. 

N. longicornis, N. giraulti and T. sarcophagae, also have complex organization of the wom 

genomic region. Unfortunately, only the genomic organization of Ngwom locus can be 

depicted, as Nlwom locates on a shotgun scaffold containing numerous gaps and Tswom-like 

is on a very short (14 kb) scaffold. The Ngwom locus exhibits an even more puzzling pattern 

than that of Nvwom. The two duplicated fragments, motif I and motif II of Nvwom, are also 

present in Ngwom (Figure 4.3). In N. giraulti, the motif I with length 744 bp has 96% 
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similarity and motif II with length 333 bp has 97% similarity with the P53-like domain coding 

region of Ngwom. Sequences of motif I and motif II are also interspersed by about 54 kb, but 

their position is different from that in Nvwom; motif I is close to Ngwom (1.5 kb downstream) 

and motif II is located 56.5 kb away, in contrast to Nvwom where motif II is close to wom 

(Figure 4.3). A LOC100678853 homolog is present in N. giraulti and located at a similar 

position as that in N. vitripennis, 60 kb downstream of Ngwom. A 654 bp sequence of this 

region has 95% similarity with the 1518-2275 bp Ngwom gene sequence. In the intergenic 

region between motif II and LOC100678853, two additional motifs, motif III and motif IV 

are present (Figure 4.3). Motif III has 95% similarity with position 1178-1779 bp Ngwom 

gene sequence and motif IV has 96% similarity with position 1815-2275 bp. Motif III 

overlaps with motif IV for about 50 bp. These findings suggest that the wom genomic region 

has been subject to reorganization in the genus Nasonia and after the split of the species, 

further rearrangements have been going on, which is evidenced by the fact that the 

organization of the wom region in N. vitripennis is different from that in N. giraulti. 

 

 

Figure 4.3: Genomic organization of the wom locus in N. giraulti. (A) Schematic illustration of the 

genomic organization of Ngwom. Only a single copy of wom is present in N. giraulti. The yellow box 

corresponds to LOC100678853 in N. vitripennis. Four sequences motifs, I (black block), II (light grey 

block), III (red block), and IV (light blue block), are located in the intergenic region between Ngwom 

and LOC100678853. The sequence similarities of motifs to Ngwom are indicated below the blocks. (B) 

The positions of Ngwom to which the motifs are homologous are depicted in brackets. 
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Nucleotide sequence comparisons of wom homologs  

Comparison of gene sequences of Ngwom and Tswom-like with Nvwom revealed the same 

exon-intron structure as Nvwom, consisting of three exons and two introns, but with longer 

sequences, 2275 bp for Ngwom and 2190 bp for Tswom-like. Figure 4.4 depicts the DNA 

sequence variation among the three wom genes; they share exon 1, intron 1, and intron 2 with 

a few SNPs; Nvwom has a 243 bp deletion in exon 2 and a 120 bp deletion in exon 3, and 

Tswom-like has an 84 bp deletion in exon 3. The number of bases in insertions and deletions 

is dividable by three, which indicates that they are in-frame mutations that do not disrupt the 

reading frame.  

The 271-855 bp Nvwom, 516-1098 bp Ngwom, and Tswom-like CDS regions encode the P53-

like domain, across the junction of exon 2-exon 3. Downstream of the P53-like domain 

coding region, the 993-1586 bp Nvwom CDS shares 83% similarity to a 573 bp region of the 

gene LOC100678853, 1239-1953 bp Ngwom CDS shares 90% similarity to a 714 bp region 

of N. giraulti LOC100678853, and 1239-1869 bp Tswom-like CDS share 85% similarity to 

a 630 bp region of T. sarcophagae LOC100678853. The LOC100678853 of N. vitripennis, 

N. giraulti, N. longicorni, and T. sarcophagae share 90-95% similarity.  

Homology searched revealed that the gene LOC100678853 homologs only are present in 

Nasonia and Trichomalopsis species and encode a protein of unknown function. They are 

located close to wom genes, suggesting that wom may have originated as a chimeric gene 

through the rearrangement of the partial duplicate of the LOC100678853 gene. 
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Figure 4.4: Gene sequence comparison of Nvwom, Ngwom, and Tswom-like. The nucleotide sequences 

with high-consensus are in red, low-consensus in blue, and neutral in black. The exon/intron boundaries 

are marked with ‘|’. 
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Amino acids sequence comparisons of WOM homologs  

Nvwom, Ngwom, and Tswom-like encode a protein of 580, 701, and 673 aa, respectively. 

Sequence comparison of NvWOM, NgWOM, and TsWOM-like proteins revealed that they 

share similar structures (Figure 4.5). Exon 1 codes for the most conserved region with only 

three amino acid differences between the three proteins. The region coded by exon 2 of 

Nvwom is 81 aa shorter than of NgWOM and TsWOM-like, caused by the 243 bp deletion in 

exon 2 of Nvwom. The 81 aa sequence has no hits when blasted against proteins of any 

organism in NCBI, indicating that this region is specific for N. giraulti and T. sarcophagae. 

The P53-like domain was predicted from the residues 91-285 of NvWOM, 172-366 of 

NgWOM and TsWOM-like (Figure 4.5). This region exhibits a high degree of similarity 

among the three WOM proteins; it has 96.2% similarity between NvWOM and NgWOM 

with eight amino acid differences, 95.7% similarity between NvWOM and TsWOM-like with 

ten amino acid differences, and 94.7% similarity between NgWOM and TsWOM-like with 

nine amino acid differences. The P53-like domains of three WOM proteins share 30-43% 

similarity with P53-family. They contain a P53-like domain coding region with conserved 

zinc-binding, dimerization, and DNA binding motifs, which correspond to the functional 

elements of P53 proteins in mammals. P53 is one of the most extensively studied genes in 

the last decade and is known to play a crucial role in gene regulation in mammals (Levine et 

al., 1991; Zilfou and Lowe, 2009). These features suggest that WOM is a transcription factor, 

in line with its hypothesized function. 

The LOC100678853 homologous region, downstream of the P53-like region, is relatively 

divergent; TsWOM-like has 28 aa deletion corresponding to residues 349-377 of NvWOM; 

NvWOM has a 40 aa deletion corresponding to residues 589-629 of NgWOM; the remainder 

sequence of this region exhibits 28 amino acid differences among the three WOM proteins 

(Figure 4.5). In addition, a coiled-coil domain is also predicted in the C-terminal region of 

NgWOM and TsWOM-like with four amino acid differences. In general, wom is structurally 

conserved within Nasonia and Trichomalopsis lineages, suggesting that Tswom-like may 

function the same as Nvwom and Ngwom. 
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Figure 4.5: Protein sequence comparison of NvWOM, NgWOM, and TsWOM-like. Grey boxes 

indicate the P53-like domain region; yellow boxes indicate the LOC100678853 homologous region; 

green boxes indicate the coiled-coil domain region. The exon/exon boundaries are marked with ‘|’. 
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Identification of p53 homologs in Chalcidoidea 

One of the major features of wom is the P53-like domain coding region. A p53 gene 

(LOC100116126) is annotated in the N. vitripennis genome (Nvp53) with 40% sequence 

similarity to wom. Nvp53 is located on chromosome 5, while wom is located on chromosome 

1. This raises the question of what is the evolutionary relationship between wom and Nvp53 

gene? Based on the available sequence databases of Chalcidoidea in NCBI, 36 putative p53 

homologs were identified from 24 chalcid species. Including the five published p53 genes in 

four species (see Materials and Methods), in total, 41 p53 homologs from 27 species of 

Chalcidoidea were analyzed, representing 9 families and 15 subfamilies (Table S4.1). Half 

of these species contain multiple p53 genes (Table S4.1). Some p53 homologs are only 

partially identified as they are located in poorly sequenced regions. The p53 gene(s) of 

Pteromalus puparum and P. aeneus are lacking the N-terminal region, of E. adleriae the C-

terminal region, and of Copidosoma floridanum both the N- and C- terminal regions. 

Phylogenetic analysis of wom and p53  

To investigate the phylogenetic relationship between wom and p53, ML, NJ and UPGMA 

trees were constructed from the sequence alignment of the full-length and P53-domain region 

of WOM and P53 homologs, respectively. Phylogenetic trees constructed from the two 

sequence alignments display very similar topologies. As the ML tree is identical to NJ albeit 

with different bootstrap supports at some nodes, the NJ and UPGMA trees are shown in 

Figure 4.6 and Figure 4.7. All the phylogenetic trees show two highly supported major 

clades. One contains p53 homologs only (clade-p53-1), whereas the other contains all wom 

genes and seven p53 genes of pteromalids (clade-p53-2). Noticeably, the relationship 

between a p53 gene of O. pomaceus, O. nitidulus, and C. solmsi marchali with the other p53 

and wom homologs remains unclear. In the NJ tree derived from the alignment of P53-domain 

region of WOM and P53, the p53 of C. solmsi marchali is the sister taxa of the p53 of O. 

pomaceus, O. nitidulus and clade-p53-2 (Figure 4.6B), whereas in other three trees, the p53 

of C. solmsi marchali, O. pomaceus, and O. nitidulus are grouped as the sister group to clade-

p53-2 and (Figure 4.6A and Figure 4.7). Perhaps, more sequence data from Ormyridae and 

Agaonidae will clear up this relationship. To distinguish the p53 genes from the clade-p53-1 

and clade-p53-2, p53-1 is referred to those grouped into the clade-p53-1 and to p53-2 for 

those grouped into the clade-p53-2. The three p53 genes of O. pomaceus, O. nitidulus, and 

C. solmsi marchali are provisionally named p53-1*. Note that all p53 genes in Eurytomidae 

were grouped into the clade-p53-1, named p53-1a,b,c, which are likely to be different p53-1 

copies.  

The phylogenetic analyses revealed that wom and p53 homologs form two separate groups 

but originated from a common ancestor. In addition, all the species harbor a p53-1 gene, but 
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only the species in the Pteromalidae family contain the p53-2 gene, except for P. vindemmiae, 

P. aeneus, and Oodera sp. that are more distantly related to the other pteromalid species. 

These results lead to several questions; why is p53-2 only present in Pteromalidae, what is 

the evolutionary relationship between wom, p53-1, and p53-2, and what is the evolutionary 

history of these three groups of genes? 

 

 

Figure 4.6: Unrooted Neighbor-Joining (NJ) phylogenetic tree constructed using the p-distance method 

based on an alignment of full-length sequences (A) and P53-domain region (B) of WOM and P53. All 

the positions with less than 95% coverage were excluded (partial deletion option), and there were a 

total of 185 and 173 positions in the final dataset of the full-length and P53-domain alignment, 

respectively. The scale bar indicates the number of amino acid substitutions per site. Numbers at nodes 

indicate percentage of bootstrap probabilities. All the genes form two major clades. One clade, marked 

as clade-p53-1 (shaded in grey), contains p53 homologs only and the genes in this clade named referring 

to p53-1. The other clade, marked as clade-p53-2 (shaded in blue), contains wom and some p53 

homologs which named referring to p53-2. The three p53 genes of Ormyrus pomaceus, Ormyrus 

nitidulus, and Ceratosolen solmsi marchali are grouped into a subclade as a sister group of wom-clade 

and provisionally named p53-1*. 
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Figure 4.7: Unrooted UPGMA phylogenetic tree constructed using the p-distance method based on an 

alignment of full-length sequences (A) and P53-domain region (B) of WOM and P53 homologs. All 

the positions with less than 95% coverage were excluded (partial deletion option), and there were a 

total of 185 and 173 positions in the final dataset of the full-length and P53-domain alignment, 

respectively. The scale bar indicates the number of amino acid substitutions per site. Numbers at nodes 

indicate percentage of bootstrap probabilities. The UPGMA tree conducted from the alignment of full-

length sequences is identical to that of P53-domain region. They display very similar topologies as NJ 

tree that all genes also form two major clades, clade p53-1(grey shade) and clade p53-2(blue shade). 

The three p53-1* genes are grouped into a subclade that is a sister group to the clade-p53-2. 
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Wom evolved from p53-2 of Nasonia and Trichomalopsis 

To further address the origin of wom, the protein sequence similarity of wom, p53-1, and p53-

2 were aligned and computed. The sequence alignment shows that the P53-like domain is 

highly conserved across all three groups of genes, whereas the N- and C-terminal regions are 

more divergent (Figure 4.8A). The N- terminal and P53-like domain of wom are of similar 

length as those of p53-2, but are longer than those of p53-1. Wom proteins exhibit much 

higher sequence similarity with p53-2 proteins (72-83%) than with p53-1 proteins (31-40%) 

in full-length; the N-terminal and P53-like domain region of wom proteins share 60% and 

78% sequence similarity with those of p53-2 proteins, respectively. In contrast, the N-

terminal and P53-like domain region of p53-2 proteins share relatively low sequence 

similarity (27% and 55%) with those of p53-1 proteins. In addition, the C-terminal regions 

are relatively variable across the three groups of genes (Figure 4.8A). Overall, wom and p53-

2 genes are very similar, except for the partial LOC100678853 homologous region which is 

absent in p53-2 genes.  

To further infer the evolution of the three groups of genes, wom, p53-1, and p53-2, in 

Chalcidoidea, the phylogenetic tree of these species was reconciled (Peters et al., 2018; 

Zhang et al., 2020) with the presence of wom, p53-1 and p53-2 (Figure 4.8B). P53-1 is 

present in all chalcid species, suggesting that it is an ancient gene family. P53-2 is only 

present in seven species of Pteromalidae, suggesting that either it was gained in the common 

ancestor of these species or independent gene loss events occurred in each of the other 

branches. The most parsimonious explanation is that a gene gain event took place in the 

common ancestor of the Nasonia lineage and Philotrypesis parca, Philocaenus barbarous, 

and Otitesella tsamvi species group leading to p53-2. However, p53-2 is absent in Nasonia 

and Trichomalopsis, and wom is only present in these two genera (Figure 4.8B), suggesting 

that p53-2 may have been transformed into wom during the evolution of the genera Nasonia 

and Trichomalopsis. Wom and p53-2 genes share a high (72-83%) sequence similarity, but 

compared with p53-2 genes, wom genes contain the partial LOC100678853 in addition, 

specific to the genera Nasonia and Trichomalphsis. Furthermore, LOC100678853 is located 

near wom in the genome of these species. These findings suggest that the gene p53-2 

incorporated a partial duplicate of LOC100678853 to give rise to wom in Nasonia and 

Trichomalopsis genera. 
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Figure 4.8: Wom has originated from p53-2 through incorporation of the partial duplication of the 

neighboring gene LOC100678853. (A) Protein sequence organization of WOM, P53-1 and P53-2 

proteins. NgWOM, N. giraulti WOM; CsP53-2, Cecidostiba semifascia P53-2; NgP53-1, N. giraulti 

P53-1. Regions with over 50% sequence similarity are in the same color. (B) profile of presence of 

wom, p53-1, and p53-2. The phylogenetic tree of the species is redrawn from Peters et al., (2018) and 

Zhang et al., (2020). The species containing p53-2 are in blue, wom in red. All the species contain p53-

1. The p53-1* and p53-1a,b,c are indicated after the species name. Grey blocks indicate the gene gain 

event. The family of species is indicated on the right side of the tree.  
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Origin and function of p53-2  

It is not clear whether p53-2 originated by a duplication of p53-1 or de novo. The p53-1 genes 

share a low level of similarity (mostly below 40%) with both wom and p53-2 genes and are 

distantly located to wom/p53-2 in the genome. Thus, p53-2 likely arose de novo. Alternatively, 

if p53-2 evolved from an ancestral p53-1 through gene duplication, it must have occurred at 

an early stage of the common ancestor of wom and p53-2 containing species, as p53-2 and 

p53-1 share a low level of sequence similarity. As to the function of the p53-2 genes, the 

phylogenetic trees derived from the full-length of WOM and P53 show the same topologies 

as those derived from the conserved P53-domain region only, suggesting that p53-2 may play 

an important role in gene function, but whether they play the same role as wom in sex 

determination, remains an open question.  

If the p53-2 gene functions the same as wom, it would suggest that the LOC100678853 

homolog region of wom is not the essential part for gene function. Conversely, the 

LOC100678853 homolog region of wom may be necessary for the sex determination function 

and the p53-2 homologs lacking this region may have an alternative function. Thus, for 

understanding the function of p53-2 and the essential regions of wom, functional studies of 

these genes in a wider phylogenetic context are worth undertaking in the future. 
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Directional selection on wom  

To screen for footprints of selection in wom, the full coding sequences of Nvwom, Ngwom 

and Tswom-like were analyzed with a 40-bp sliding window of Ka/Ks ratio. Ka/Ks ratios 

between Nvwom and Ngwom (Nv_Ng) and Ngwom and Tswom-like (Ng_Ts) shared some 

common features (Figure 4.9). Ka/Ks ratios in the P53-domain region are <1, indicating 

strong purifying selection, except for 235-241 aa from the pair of ‘Ng_Ts’. Ka/Ks ratios in 

the coiled-coil domain 3’ end region are <1, whereas in the 5’ region of the gene, several 

Ka/Ks ratios are >1 indicating positive selection The unannotated region between the P53-

like domain and LOC100678853 region has a Ka/Ks ratio >1 in the pair of ‘Nv_Ng’, but a 

strong purifying selection from the pair of ‘Ng_Ts’. In LOC100678853 homologous region, 

the general trend of Ka/Ks ratio of ‘Nv_Ng’ is <1, whereas the pair of ‘Ng_Ts’ is <1 in the 

5’ and 3’ parts of this region and >1 at the center of this region. Overall, the P53-like and 

coiled-coil domains of wom genes appear to have undergone purifying selection to maintain 

gene function during evolution, whereas other regions are relatively divergent. These results 

are therefore not conclusive about whether the LOC100678853 region is essential for wom 

function. 

 

Figure 4.9: Sliding window analysis of Ka/Ks ratio between the pairs Nvwom_Ngwom (black 

line) and Ngwom_Tswom-like (blue line). The P53-like domain region is shaded in grey, 

LOC100678853 region in yellow, coiled-coil region in blue, and unannotated regions in 

white. The horizontal line indicates the Ka/Ks=1 (Neutral selection). 
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CONCLUSION 

In this chapter, homology searches of wom reveal that it is only present in Nasonia and 

Trichomalopsis genera and that the sequence and structure of wom are conserved within its 

four species. Wom function is also conserved in Nasonia, it acts as an instructor gene in the 

sex-determination cascade, required for female development. Wom genes encode a protein 

that contains a P53-like and coiled-coil domain, suggesting that they may function as the 

transcription factor involved in female development by activating zygotic tra expression. 

Results also revealed that wom originated from a p53 homolog (p53-2) after incorporation of 

a partial duplication of the neighboring gene LOC100678853 before the emergence of the 

Nasonia-Trichomalopsis clade, suggesting that this duplicate of the LOC100678853 region 

is essential for wom function. The genomic region of 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 the 

understanding of instructor genes origin and the evolution of sex-determining mechanisms 

in insects.  
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Appendix 

Table S4.1 P53 orthologs were identified from 27 species of Chalcidoidea 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species for phylo Family  Subfamily 

Nasonia vitripennis  Pteromalidae Pteromalinae 

Nasonia giraulti  Pteromalidae Pteromalinae 

Nasonia longicornis  Pteromalidae Pteromalinae 

Trichomalopsis_sarcophagae  Pteromalidae  Pteromalinae 

Cecidostiba semifascia Pteromalidae  Pteromalinae 

Cecidostiba fungosa Pteromalidae  Pteromalinae 

Pteromalus puparum Pteromalidae  Pteromalinae 

Lariophagus distinguendus Pteromalidae Pteromalinae 

Philotrypesis parca Pteromalidae Sycoryctinae 

Philocaenus barbarus Pteromalidae Sycoecinae 

Otitesella tsamvi Pteromalidae Otitesellinae 

Pachycrepoideus vindemmiae Pteromalidae Pteromalinae 

Eupelmus urozonus Eupelmidae Eupelminae 

Eupelmus annulatus  Eupelmidae Eupelminae 

Elisabethiella stueckenbergi Agaonidae Agaoninae 

Ceratosolen solmsi marchali Agaonidae Agaoninae 

Megastigmus stigmatizans  Megastigmidae Megastigmus  

Megastigmus dorsalis Megastigmidae Megastigmus  

Oodera sp Pteromalidae;  Cleonyminae 

Perilampus aeneus Perilampidae; Perilampus 

Eurytoma adleriae Eurytomidae  Eurytominae 

Eurytoma brunniventris  Eurytomidae  Eurytominae 

Torymus geranii Torymidae Toryminae 

Torymus auratus Torymidae Toryminae 

Ormyrus pomaceus  Ormyridae Ormyrus 

Ormyrus nitidulus  Ormyridae Ormyrus 

Copidosoma floridanum Encyrtidae Encyrtinae 

Trichogramma pretiosum Trichogrammatidae Trichogramma 
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Table S4.2: Accession numbers of the sequences for identifying wom and p53 homologs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Name Accession number 

Nasonia_giraulti_wom ADAO01185828.1 

Trichomalopsis_sarcophagae_wom NNAY01003788.1 

Cecidostiba_fungosa_p53-2 UCOJ01001007.1 
Cecidostiba_semifascia_p53-2 UCQR01037563.1 

Pteromalus_puparum_p53-2 VCDM02002732.1 
Lariophagus_distinguendus_p53_2 GBVR01017043.1 

Philocaenus_barbarus_p53_2 GBWB01014440.1 

Philotrypesis_parca_p53_2 GBOV01022143.1 

Otitesella_tsamvi_p53_2 GBNA01029868.1 

Ceratosolen_solmsi_marchali_p53_1* XM_011503849.1 
Ormyrus_nitidulus_p53_1* GBUU01018167.1 

Ormyrus_pomaceus_p53_1* GBUU01018167.1 
Nasonia_giraulti_p53_1 GBEC01027450.1 

Nasonia_longicornis_p53_1 ADAP01034942.1 

Nasonia_vitripennis_p53_1 XM_016986188.3 

Trichomalopsis_sarcophagae_p53_1 NNAY01000129.1 

Pteromalus_puparum_p53_1 GECT01039130.1 

Cecidostiba_fungosa_p53_1 UCOJ01001000.1| 

Cecidostiba_semifascia_p53_1 UCQR01075818.1 

Lariophagus_distinguendus_p53_1 GBVR01023368.1 

Philocaenus_barbarus_p53_1 GBWB01015980.1 

Philotrypesis_parca_p53_1 GBOV01023833.1 

Otitesella_tsamvi_p53_1 GBNA01029297.1 
Pachycrepoideus_vindemmiae_p53_1 GBWL01021436.1 

Eupelmus_annulatus_p53_1 UDEW01001088.1 

Eupelmus_urozonus_p53_1 UELX01005928.1 

Elisabethiella_stueckenbergi_p53_1 GBTW01016392.1 

Ceratosolen_solmsi_marchali_p53_1 XM_011500178.1 

Megastigmus_dorsalis_p53_1 UELU01020342.1 
Megastigmus_stigmatizans_p53_1 UELV01095644.1 

Oodera_sp.p53_1 GBUD01015080.1 

Perilampus_aeneus_p53_1 GBLT01018168.1 

Eurytoma_adleriae_p53_1a UXGC01002476.1 

Eurytoma_adleriae_p53_1b UXGC01026666.1 

Eurytoma_brunniventris_p53_1a UXGB01007851.1 

Eurytoma_brunniventris_p53_1b UXGB01023716.1 

Eurytoma_brunniventris_p53_1c UXGB01029723.1 

Torymus_auratus_p53_1 UXGD01005654.1 

Torymus_geranii_p53_1 UCWB01015601.1 

Ormyrus_nitidulus_p53_1 UCOL01000407.1 

Ormyrus_pomaceus_p53_1 UCOM01000883.1| 
Copidosoma_floridanum_p53-1 JBOX02000570.1 

Trichogramma_pretiosum_p53-1 JARR02000497.1 
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In the preceding chapters, the identification, characterization, and phylogenetic history of the 

wasp overruler masculinization (wom) instructor gene for sexual development of the 

haplodiploid wasp Nasonia vitripennis was presented. The existence of this instructor gene 

was predicted based on previous studies of the sex-determination system of this wasp, but its 

identity remained unknown. Predictions about its expression pattern and primary function 

were tested and validated by my research: the instructor gene is expressed from the paternally 

provided genome in diploid embryos only, and timely activates zygotic transformer (tra) 

expression. Activation of tra then leads to the production of a functional TRA protein in the 

early zygote and subsequent female development.  

Identification of wom in N. vitripennis  

A differentially expressed gene (DEG) analysis of three sets of 2-5 hours post-oviposition 

(hpo) embryonic transcriptomes, including haploid (male) only, mostly diploid (female), and 

haploid gynandromorphic, led to the identification of a candidate gene that is indeed 

expressed in early diploid embryos but not in haploid embryos. Its zygotic transcription starts 

2-3 hpo (blastoderm stage), which is earlier than the onset of zygotic expression of tra, peaks 

at 4-5 hpo, and abruptly declines at 6-7 hpo. Allelic expression analyses revealed that it is 

transcribed only from the paternal allele in diploid embryos. Therefore, it was concluded that 

this candidate gene is indeed wom. Knockdown of wom expression in early diploid embryos 

by parental RNAi resulted in a significant reduction of both wom and tra expression levels 

in diploid embryos and those diploid embryos developed as males. Reversely, tra pRNAi had 

no effect on the early zygotic expression of wom in diploid embryos. Together, these findings 

demonstrate that wom is the instructor gene in the N. vitripennis sex-determination cascade, 

and is essential for initializing zygotic expression of tra leading to female development. The 

identification of wom confirms and refines the Maternal Effect Genomic Imprinting Sex 

Determination (MEGISD) model for Nasonia. 

MEGISD model in Nasonia  

The original description of the MEGISD model was that a maternal effect gene (msd) 

imprints a zygotic female determining sex-determination gene (zsd) (Beukeboom 1995; 

Beukeboom et al., 2007b); msd is active during oogenesis but not spermatogenesis. Haploid 

unfertilized eggs only contain a maternally imprinted zsd copy and develop into males, 

whereas diploid fertilized eggs in addition contain a paternal non-imprinted zsd copy and 

develop into females. The discovery of wom identifies it as the zsd in the original model.  

I showed that wom is temporally expressed in early diploid fertilized eggs, but not in haploid 

unfertilized eggs, that transcription of wom is only from the paternal allele and that it is not 

maternally provided as mRNA. These results are consistent with the regulation of zsd in the 
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MEGISD model as zsd is considered to be a zygotic sex-determining gene and inactivated by 

maternal imprinting. Zygotic wom expression starts at a very early embryonic stage (2-3 hpo), 

suggesting that the maternal imprinting of wom occurs during oogenesis, which is also 

consistent with the MEGISD model that implies a maternally active imprinting gene, msd, 

that acts during oogenesis. Zygotic wom expression is essential for female development, as 

parental RNAi of wom results in a shift from diploid female to male development. Taken 

together, the MEGISD model for Nasonia sex determination can now be viewed as follows: 

wom, the instructor gene for female development, is maternally silenced on the maternal 

genome in the haploid egg. As a consequence, there is no activation of tra in the resulting 

haploid zygote, that, in the absence of a functional TRA protein, will develop into a male. 

Upon fertilization, a paternal genome is introduced that carries a non-silenced copy of wom. 

As a result, timely expression of tra is initiated. Together with TRA from the maternally 

provided tra mRNA, this leads to sufficient functional TRA to induce female development. 

Note that both the provision of tra mRNA and the silencing of wom are maternal effects, 

whereas the erasing of the imprint of wom is a paternal effect. The nature of msd and the 

imprinting mechanism remain to be uncovered. In addition to confirming the MEGISD model, 

the discovery of wom provides crucial knowledge that helps to explain puzzling additional 

observations concerning Nasonia sex determination.  

Uniparental female offspring in Nasonia 

In N. vitripennis, two cases of uniparental female offspring have been reported (Beukeboom 

and Kamping, 2005; Kamping et al., 2007), that seem inconsistent with the haplodiploid sex-

determination system and the MEGISD model, as no paternal genome appears required for 

female development. In a mutant strain, collected from Canada, unmated females produced 

haploid offspring with female phenotypic characteristics, such as dark pigmentation of 

antennae and legs or even with an ovipositor (Beukeboom and Kamping, 2005; Beukeboom 

et al., 2007a). Genetic investigation (Kamping et al., 2007) revealed that a putative 

gynandromorph (gyn) locus, located on chromosome 4, acts as a maternal factor in 

combination with a cytoplasmic component, to cause this phenotype. Unfortunately, the 

genomic region where gyn maps has low recombination and high gene density, which has 

until now impeded its identification. The results presented in this thesis indicate that gyn may 

well be the putative msd locus in the MEGISD model. This would imply that gyn is 

responsible for silencing wom, probably by histone modification. Indeed, wom was found to 

not be (completely) maternally silenced in HiCD12 as wom is expressed in haploid HiCD12 

early embryos in a pattern comparable to that of wild-type diploid embryos (Figure 5.1). 

Sequence comparison between HiCD12 and other N. vitripennis strains did neither indicate 

potential functional differences in the wom gene itself nor in its 2.5 kb upstream sequences 
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(Figure 5.2). Therefore, it is unlikely that gynandromorphism in HiCD12 is caused by a 

mutation of wom itself. Instead, gyn is hypothesized to be involved in effectuating the 

maternal silencing of wom, and its loss-of-function mutation in HiCD12 leads to the (partial) 

failure of maternal wom imprinting. Combined investigation of wom and the gyn genomic 

region may eventually clarify the identity of gyn. In addition, a cytoplasmic effect is involved 

in producing gynandromorphs (Kamping et al., 2007), suggesting that an interactive effect 

of a nuclear gene and a cytoplasmic factor is responsible for silencing wom. 

 

Figure 5.1: Relative temporal expression profiles of wom and tra in haploid HiCD12 early embryos. 

Relative expression levels of wom (A) and tra (B) in early haploid embryos from unmated HiCD12 

were normalized to the reference gene EF1a. The necessary culturing at 31°C caused the earlier shift 

of wom and tra expression peaks. Error bars depict SEM for five biological replicates. 
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Figure 5.2: Comparison of wom and its 2.5 kb upstream sequences between HiCD12 and three other 

N. vitripennis strains. (A) Schematic overview of the location of nucleotide variations in wom and its 

upstream sequence. Red arrows indicate two SNPs located in the CDS region. (B) Nucleotide variants 

between the HiCD12 (Accession: SAMN14532448) and three other strains (Accession: 

SAMN14532449; PRJNA575073; PRJNA200338). SNP8 is nonsynonymous and SNP9 synonymous. 

‘/’ indicates the difference between the upstream regions of two wom copies. 

 

A second case of uniparental female offspring has been observed in a polyploid strain (diploid 

males, triploid females), that has been maintained in the laboratory since it was first described 

by Whiting (Beukeboom and Kamping, 2005). The fecundity of triploid females is very low 

due to egg aneuploidy. Unmated triploid females produce some haploid and diploid eggs 

which normally develop into males, but diploid females can also occasionally be found. This 

phenomenon appears to be independent of gyn (Kamping and Beukeboomn, unpublished). 

With the current knowledge, I can put forward the following hypothesis about the cause of 

these uniparental females: the expression level of the gene responsible for wom silencing in 

combination with the cytoplasmic factor (e.g. mitochondria or small RNAs) is not sufficient 

to fully imprint two wom loci in unfertilized diploid eggs. This defective wom imprinting 

may be due to a disruption of gene dosage combined with a mutation in the wom gene.   
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Parent-of-origin effects in insect sex determination 

In Hymenoptera, the characteristic of haplodiploid reproduction is that the paternal genome 

is required for inducing female development. In chapter 3, the zygotic transcription of wom 

in diploid fertilized eggs was shown to initiate from the paternally derived allele only, in line 

with the hypothesis that wom is maternally imprinted, and revealing a parent-of-origin-effect 

on sex determination in Nasonia. This is the first molecular identification of a sex 

determination imprinting process.  

Parent-of-origin-effects on sex determination, such as paternal genome elimination (PGE), 

have been reported in some other insects, but very little is known about their genetic and 

molecular basis. Under PGE the entire paternal genome is eliminated or silenced during 

embryonic development (Normark, 2003). In some Diptera, such as Sciaridae and 

Cecydomyiidae species, PGE involves the elimination of only the paternal X-chromosomes 

(Crouse, 1960; Stuart and Hatchett, 1991; Sánchez, 2014). Zygotes initially have three 

(Sciaridae) or four (Cecydomyiidae) X chromosomes: two paternal X chromosomes and one 

or two maternal X chromosomes respectively. If both of the two paternally derived 

chromosomes are eliminated, embryos develop into males; if only one paternal or no X 

chromosome is eliminated, embryos develop into females. In scale insects (Coccoidea) that 

have an XX (female)/X0 (male) sex-determination system, all embryos develop from 

fertilized eggs (XX), but when the paternal chromosome becomes inactive through 

heterochromatinization, embryos (XO) develop into males (Nur, 1963, 1990). Both these 

systems entail the elimination of a paternal chromosome and that the maternal and paternal 

genomes act differently in sex determination, suggesting that the paternal and maternal 

genomes are epigenetically different. The molecular details of these paternal-specific 

chromosome elimination/inactivation systems are not known. My discovery of a parent-of-

origin effect on a sex determination instructor gene suggests that the gene (s) involved in 

chromosome elimination in these other systems are maternally imprinted during oogenesis. 

Further studies are required to elucidate the nature of these imprinting mechanisms. 

Another relevant case of a parent-of-origin-effect is the supernumerary (B) chromosome 

paternal sex ratio (PSR) in N. vitripennis. This paternally inherited chromosome causes 

complete paternal genome elimination after fertilization, except itself, resulting in male 

offspring of these haploidized eggs that contain PSR (Nur et al 1988; McAllister and Werren, 

1997). A PSR located gene haploidizer has recently been identified in N. vitripennis to cause 

this effect (Benetta et al., 2020). Haploidizer encodes a putative protein consisting of a DNA-

binding domain, that is predicted to target some core enzymes for histone posttranslational 

modifications resulting in the disruption of the paternal chromatin (Swim et al., 2012; Benetta 

et al., 2020) This is consistent with my results that the paternal genome is required for female 
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development, and the predicted function of haploidizer is also consistent with my finding 

that epigenetic modification is involved in sex determination in Nasonia.  

This study is the first that provides clear molecular evidence for genomic imprinting involved 

in insect sex determination. Haplodiploidy, with diploid female and haploid male 

development, is a reproductive mode that occurs in about 15% of invertebrates, and the insect 

groups Hymenoptera and Thysanoptera are entirely haplodiploid (Kaiser and Bachtrog, 2010; 

Beukeboom and Perrin, 2014; Filia et al, 2015). A parent-of-origin effect in sex determination 

based on genomic imprinting may be a common theme in haplodiploids. Within the 

Hymenoptera, genomic imprinting may be involved in the sex determination of many non-

CSD species. However, the sex-determination genes that are imprinted in those non-CSD 

species must be different from those of Nasonia, as wom is only present in Nasonia and 

Trichomalopsis species. At this point, it remains to be seen how widespread the MEGISD 

model applies to other hymenopterans and to what extent comparable mechanisms of 

genomic imprinting sex determination have evolved in haplodiploids.  

Open questions about the molecular mechanism of imprinting and tra 

activation  

What is the underlying mechanism for maternal imprinting of wom? 

Our study reveals that wom is maternally imprinted, but the epigenetic mechanism underlying 

maternal imprinting of wom remains unknown. DNA methylation has been the most reported 

mechanism governing genomic imprinting in various eukaryotes over the past 20 years. It is 

the process that modifies the C-5 position of the cytosine of DNA by replacing it with a 

methyl group, typically resulting in repression of gene transcription (Bird, 1984). Thus, one 

cogent hypothesis is that the promoter region of wom is maternally methylated during 

oogenesis leading to the silencing of the maternal allele of wom. I observed that the wom 

promoter region is indeed enriched with CpG islands. However, in a pilot experiment, no 

DNA methylation was found in the wom promoter region of early male and female embryos. 

Furthermore, Wang et al. (2015) screened the genome-wide DNA methylation in adult males 

and females of N. vitripennis and N. giraulti and did not find significant DNA methylation 

differences between males and females. Regardless, it would still be worthwhile to examine 

DNA methylation in germline cells to confirm whether DNA methylation is responsible for 

maternal imprinting of wom in Nasonia.  

An alternative hypothesis for wom silencing is histone modification, i.e. amino acids of the 

histone proteins are modified resulting in an alteration of the chromatin structure of the wom 

region during oogenesis preventing accessibility of the maternal wom allele. To test this 

possibility, chromatin immunoprecipitation sequencing (ChIP-seq) for profiling the histone 
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modifications with an antibody specific for the histone mark can be performed to compare 

the histone modification of the wom region between ovary and testis. In addition, as this 

histone modification is proposed to be exclusive to ovaries, the histone modifier gene should 

be a maternal effect gene that is specifically (significantly higher) expressed in ovary tissue. 

Yet, another promising approach towards unraveling the imprinting mechanism could start 

by comparing the transcriptome sequences between ovary and testis in Nasonia. 

The gynandromorphy strain HiCD12 can also be very useful for investigating the mechanism 

underlying maternal imprinting of wom. No matter whether DNA methylation or histone 

modification is responsible for the maternal allele of wom repression, it should be different 

in HiCD12, and the sequence of the gene involved in DNA methylation or histone 

modification should differ from that of the wild-type. In addition, the cytoplasmic factor (e.g. 

mitochondria or small RNAs) that is involved in silencing of wom should also be different 

between in HiCD12 and wild-type. Thus, comparing the mitochondrial DNA and small RNA 

profile between HiCD12 and wild-type should be considered for future research.  

How is wom involved in the timely activation of zygotic tra expression? 

My study reveals that wom is involved in activation of zygotic tra expression, but does not 

provide adequate evidence that wom, directly or indirectly, regulates tra. Wom encodes a 

protein that contains a P53-like and a coiled-coil domain, suggesting that WOM may function 

as a transcription factor. If wom is the direct regulator of tra, WOM should bind to the 

promoter region of tra boosting tra transcription, consistent with the finding that a tra 

expression peak is present right after the wom expression peak. To test this possibility, the 

tra promoter region can be searched for any potential wom binding sites, and a ChIP assay 

can be conducted using a specific antibody for wom and followed by qPCR to examine if 

WOM indeed binds to tra. On the other hand, if wom does not bind to tra, wom must target 

another gene(s) that is required for activation of zygotic tra. Genome-wide ChIP-seq can be 

used to identify wom target gene (s). These possibilities would be worth investigating in 

future research to uncover how wom is involved in activating zygotic tra.  
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The origin of instructor genes in insects 

All identified instructor genes in insects represent novelty in their gene sequences and 

evolutionary origins. Where they come from and how they evolve their function are important 

unanswered questions. In chapter 4, I presented evidence that wom is a novel instructor gene, 

which is not homologous to the only other currently known instructor gene of Hymenoptera, 

the csd gene (Beye et al., 2003), neither in sequence nor in function. Wom is only present in 

Nasonia and Trichomalopsis lineages. It contains a P53-like domain coding region and a 

partial duplication of LOC100678853, which is also only present in Nasonia and 

Trichomalopsis species and located close to wom. Phylogenetic analysis reveals that wom 

evolved from a p53 homolog (p53-2) by incorporating a partial duplication of 

LOC100678853 before the split of Nasonia-Trichomalopsis and other species. This means 

that the instructor gene of Nasonia has recently evolved from existing genes, which is 

consistent with reports of other instructor genes, such as the csd in honeybee that evolved as 

a duplication of its downstream target gene feminizer/tra (Hasselmann et al., 2008) and 

Mdmd in housefly that originated from a duplication of its paralog, the splicing factor CWC22 

(Sharma et al., 2017). These are duplications of existing genes, but this does not seem to 

always be the case. The three M-factors, MoY (medfly Ceratitis capitata) (Meccariello et al., 

2019), Yob (mosquito Anopheles gambiae) (Krzywinska et al., 2016), and Guy1 (mosquito 

Anopheles stephensi) (Criscione et al., 2016), show no homology to any existing genes. They 

are all short and unique sequences, suggesting that these three instructor genes have 

originated de novo from ancestral non-coding sequences (pre-existing). My work, in 

combination with the currently available studies, indicates that instructor genes in insect sex 

determination evolve rapidly by gene duplication and genomic rearrangements. Future 

investigation of molecular mechanisms that lead to gene duplication and genomic 

rearrangements may help to understand the evolutionary forces driving the novelty of 

instructor genes in insects. Overall, the diversity and rapid evolution of instructor genes 

remain an intriguing field of study.
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Although sex determination is a fundamental biological process, the underlying mechanisms 

are remarkably diverse in insects. Sex determination in insects consists of a hierarchical 

cascade of genes, in which upstream components regulate the activity of downstream 

components. The downstream axis, consisting of transformer (tra) and doublesex (dsx), is 

relatively conserved. At the top of the cascade is the instructor signal, which is the key signal 

that determines the zygote to develop into male or female. Instructor signals appear to evolve 

rapidly leading to an extraordinary diversity of sex-determination mechanisms in insects. The 

molecular identification of the instructor signals has proved to be a hard task, because the 

identity of instructor signals is highly variable between species. 

Hymenopteran insects have haplodiploid sex determination; males are haploid and develop 

from unfertilized eggs, whereas females are diploid and develop from fertilized eggs. The 

only molecularly characterized instructor in Hymenoptera is complementary sex determiner 

(csd) of the honeybee. However, most parasitoid wasps, including Nasonia, lack the csd gene 

and do not share its underlying mechanism, and the instructor signal in those haplodiploids 

was unknown.  

For the model parasitoid wasp Nasonia vitripennis, orthologs of tra and dsx have been 

identified and a sex determination model was previously proposed in which an instructor 

gene is maternally silenced in unfertilized eggs, whereas fertilized eggs receive a non-

silenced allele from the father. This maternally silenced instructor gene is not tra itself, as in 

the embryos from fertilized eggs both the maternal and paternal allele is expressed. The main 

aim of my study was to uncover the identity of this unknown instructor gene in N. vitripennis 

and investigate its function in the sex determination pathway of Nasonia. Based on previous 

research, this instructor gene was inferred to be expressed after fertilization in early diploid 

embryos only, transcribed only from the paternal allele, and to activate zygotic tra 

transcription. Hence, knocking down this gene would result in a shift from diploid female to 

diploid male development. 

To identify this inferred instructor gene of N. vitripennis, transcriptomes of haploid and 

diploid early embryos were sequenced (in Chapter 2). A set of haploid embryos was 

obtained from unmated wild-type females that develop into males, and a set of diploid 

embryos from mated wild-type females, with a mixture of 10-20% haploid eggs. In addition, 

a gynandromorph strain HiCD12 was highly useful in this study. Unmated females of 

HiCD12 produce about 40% haploid progeny with female characteristics when these develop 

at an elevated temperature (31℃), in which the instructor signal was hypothesized to be 

expressed. As zygotic tra expression starts at 5 hours post-oviposition (hpo), the comparative 

transcriptome analysis was performed on haploid, diploid and haploid gynandromorphic 

embryos 2-5 hpo. It yielded two loci, tra and LOC103317656, to be significantly higher 

expressed in diploid embryos than in haploid embryos, and both were also higher expressed 
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in haploid gynandromorphic embryos compared to regular haploid embryos. The expression 

of tra was in agreement with our previous results that it is higher expressed in diploid than 

in haploid normal embryos. LOC103317656 was thus concluded to be the candidate locus 

for the instructor of N. vitripennis, that was termed wasp overruler of masculinization (wom). 

Wom consists of three exons of 428, 258, and 1512 bp, interrupted, respectively, by two 

introns of 79 and 87 bp. It has a single splice form and the coding sequence (CDS) translates 

into a protein of 580 amino acids.  

To investigate whether the candidate gene wom is indeed the instructor gene of N. vitripennis, 

its expression profile was determined in embryos from unfertilized and fertilized eggs at 

different time points (in hpo) and compared with that of tra (in Chapter 3). The results 

revealed that wom is expressed in early diploid embryos but not in haploid embryos, 

consistent with the transcriptome data. The absence of wom mRNA in early embryos also 

proves that it is not maternally provided to eggs. Its zygotic expression in diploid embryos 

starts at 2-3 hpo (blastoderm stage) and peaks at 4-5 hpo, which coincides with the onset of 

zygotic expression of tra. In fertilized eggs, tra expression peaks at 6-7 hpo, whereas wom 

expression abruptly declined at 6-7 hpo. Wom shows concerted expression with tra within a 

defined window of time, indicating its function to initiate zygotic tra transcription.  

The parental origin of wom allelic transcripts was determined using a synonymous single-

nucleotide polymorphism (SNP) in exon 3 of wom between two strains (AsymCX and Russia 

Bait) that results in a NheI restriction fragment polymorphism (in Chapter 3). RT-PCR 

products from F1 progeny of reciprocal crosses between these two strains were sequenced 

and digested with NheI. The results demonstrated that wom mRNA is transcribed only from 

the paternal allele in diploid embryos, in line with the hypothesis that wom is maternally 

silenced.   

To assess the function of wom, its zygotic expression in early diploid embryos was prevented 

by parental RNAi (pRNAi). Expression of tra and wom was compared with MQ- and GFP-

injected controls (in Chapter 3). The results showed a significant reduction of both wom and 

tra expression in wom pRNAi diploid embryos. Moreover, those diploid embryos developed 

as fully fertile males with male-specific tra transcripts. These results revealed that wom is 

essential for female development by initializing zygotic tra expression. In contrast, the 

expression of wom in early diploid embryos was not reduced by tra pRNAi, confirming that 

wom acts upstream of tra as the instructor gene in the N. vitripennis sex-determination 

cascade.  

In chapter 4, the DNA and protein sequence of wom were analyzed. Wom encodes a protein 

that contains a P53-like domain with conserved zinc-binding, dimerization, and DNA binding 

motifs and a coiled-coil domain at the C-terminal region. These features point at a role in 
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gene regulation, suggesting that wom is a transcription factor, in line with its hypothesized 

function to be responsible for the activation of zygotic tra expression. Wom contains a 540 

bp homologous region to LOC100678853. The genomic organization of the wom locus is 

complex. Two adjacent wom copies were found in antiparallel orientation on chromosome 1 

of the N. vitripennis genome. The two copies are identical and both are transcribed.   

Homology searches resulted in the identification of wom homologs in some Pteromalidae 

species, but not outside of this family (in Chapter 4). These wom homologs share the N-

terminal and P53-like region of N. vitripennis wom (Nvwom), but only the homologs in 

Nasonia and Trichomalopsis contain the complete wom structure sharing more than 90% 

amino acid similarity with NvWOM, suggesting that they are true orthologs of Nvwom. The 

other wom homologs (p53-2) lack the LOC100678853 homologous region. Furthermore, the 

LOC100678853 gene is specific to the genus Nasonia and Trichomalopsis. This suggests that 

wom is a novel, chimeric gene that originated from the incorporation of a partial duplication 

of the neighboring gene LOC100678853 into the p53-2 gene. Phylogenetic analysis revealed 

that this incorporation occurred before the split of Nasonia-Trichomalopsis and the other 

Pteromalid species, indicating that wom evolved very recently.  

The new findings of identifying wom are discussed in Chapter 5. The identification of wom 

confirms and refines the Maternal Effect Genomic Imprinting Sex determination (MEGISD) 

model for Nasonia. Wom corresponds to the proposed feminizing zygotic sex determiner gene 

(zsd). In unfertilized eggs, zsd is predicted to be maternally imprinted resulting in male 

development, whereas fertilized eggs contain an additional paternal non-imprinted zsd copy 

and develop into females. The gene that is responsible for effectuating the maternal silencing 

of wom corresponds to the proposed masculinizing maternal factor (maternal sex determiner 

(msd)) but its identity remains unknown. In the gynandromorph strain HiCD12, wom was 

found to be expressed in haploid early embryos which will develop into gynandromorphs. As 

no potential functional differences in the wom gene itself and its upstream region were found 

in comparisons between this gynandromorph strain and the wild type, a putative 

gynandromorph (gyn) gene is hypothesized. This gyn element could correspond to be a loss-

of-function mutation of msd in HiCD12, leading to the (partial) failure of maternal wom 

imprinting. Future investigations should uncover the underlying mechanism of maternal 

imprinting of wom and how it regulates the timely activation of zygotic tra expression.  

In conclusion, this study has uncovered a novel paternal instructor gene for female 

development. It is the first characterized instructor gene with a parent-of-origin effect in sex 

determination, suggesting that genomic imprinting may be a common theme in the regulation 

of sex determination genes in non-CSD species. This study also confirms the diversity and 

rapid evolution of instructor genes of sex determination in insects. It may help to understand 

the evolutionary forces driving the diversity of sex determination mechanisms. 
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Hoewel geslachtsbepaling een fundamenteel biologisch proces is, zijn de onderliggende 

mechanismen in insecten opmerkelijk divers. Geslachtsbepaling in insecten geschiedt door 

een trapsgewijze hiërarchie van genen, waarin componenten onderin gereguleerd worden 

door genen die zich hogerop bevinden. Het midden, maar vooral onderste gedeelte is relatief 

geconserveerd binnen de klasse van Insecten en bestaat uit transformer (tra) en doublesex 

(dsx). Hierboven bevindt zich het instruerende gen, dat door middel van een 

geslachtsbepalend signaal  bepaalt of een zygote zich als vrouwtje of mannetje ontwikkelt. 

Deze signaalgenen blijken snel te kunnen evolueren, wat heeft geleid tot een buitengewone 

diversiteit aan geslachtsbepalingsmechanismen in insecten. Het ontrafelen van de 

moleculaire identiteit van deze signaalgenen blijkt daardoor een moeilijke opgave, omdat er 

veel manieren zijn waarop zij de genen onder zich kunnen reguleren. 

Vliesvleugelige insecten (Hymenoptera) hebben haplodiploïde geslachtsbepaling; mannetjes 

zijn haploïd en ontwikkelen zich vanuit onbevruchte eitjes, terwijl vrouwtjes diploïd zijn en 

zich ontwikkelen vanuit bevruchte eitjes. Het enige moleculair geïdentificeerde signaalgen 

in Hymenoptera is complementary sex determiner (csd) in de honingbij. De meeste 

parasitoïde wespen, waaronder Nasonia, hebben dit gen echter niet en hun signaalgenen zijn 

onbekend. Voor de modelsoort Nasonia vitripennis zijn orthologen van tra en dsx 

geïdentificeerd. Een model voor het Nasonia geslachtsbepalingsmechanisme isreeds 

ontwikkeld, waarin het allel van een signaalgen dat maternaal overgeërfd wordt niet tot 

expressie komt, terwijl het paternaal overgeërfd allel van dit gen wel tot expressie komt. Dit 

signaalgen is niet tra, omdat hiervan zowel het maternaal als paternaal overgeërfde allel tot 

expressie komt. Het doel van mijn onderzoek was om de identiteit van dit,  tot voorheen 

onbekende, signaalgen in N. vitripennis te ontdekken, en om de werking van dit gen in het 

geslachtsbepalingsmechanisme te onderzoeken. Op basis van eerder onderzoek werd 

voorspeld dat dit gen alleen kort na de bevruchting gedurende de vroege ontwikkeling van 

diploïde embryo’s tot expressie komt, dat alleen het paternaal overgeërfde allel 

getranscribeerd wordt, en dat het de transcriptie van tra activeert. Derhalve zou het 

uitschakelen van dit gen ertoe moeten leiden dat diploïde embryo’s zich niet tot vrouwtjes, 

maar tot mannetjes ontwikkelen. 

Om dit hypothetische signaalgen van N. vitripennis te identificeren werden de transcriptomen 

van haploïde en diploïde embryo’s in een vroeg ontwikkelingsstadium gesequenct (in 

Hoofdstuk 2). Een set van haploïde embryo’s, die zich  ontwikkelen tot mannetjes, werd 

verzameld door maagdelijke wildtype vrouwtjes eitjes te laten leggen,. Een set van diploïde 

embryo’s werd verzameld door niet-maagdelijke vrouwtjes eitjes te laten leggen, bestaande 

uit een mengsel van diploïde eitjes en 10-20% haploïde eitjes.  Daarnaast bleek de 

gynandromorfe lijn HiCD12 van grote waarde voor dit onderzoek. Maagdelijke HiCD12-

vrouwtjes produceren grofweg 40% haploïde nakomelingen met vrouwelijke kenmerken, 
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indien deze zich ontwikkelen bij een temperatuur van 31°C of hoger, waarbij werd 

verondersteld dat in deze nakomelingen het signaalgen tot expressie komt. Zygotische tra 

expressie begint circa 5 uur nadat het eitje gelegd is (NO; na ovipositie). Om het signaalgen 

dat tra activeert te identificeren werden haploïde en diploïde wildtype en haploïde 

gynandromorfe (HiCD12) eitjes verzameld tussen 2-5 uur NO. Door vergelijken van de 

transcriptomen werden twee loci ontdekt (tra en LOC103317656) wier expressie significant 

hoger was in diploïde embryo’s en haploïde gynandromorfe embryo’s dan in haploïde 

wildtype embryo’s. De expressie van tra kwam overeen met eerdere resultaten, waarin 

gevonden werd dat het een hogere expressie heeft in diploïde dan in haploïde embryo’s. 

Derhalve werd het LOC103317656 aangemerkt als mogelijk het signaalgen van N. 

vitripennis en kreeg het de naam wasp overruler of masculinization (wom). Wom bestaat uit 

drie exonen van 428, 258, en 1512 baseparen, waartussen zich twee intronen van 79 en 87 

baseparen bevinden. Het heeft één enkele splice variant en de coderende sequentie kan 

vertaald worden in een eiwit van 580 aminozuren. 

Om vast te stellen of het kandidaatgen wom inderdaad het signaalgen van N. vitripennis is, 

werd het expressieprofiel vastgesteld in zowel diploïde als haploïde embryo’s op 

verschillende tijdspunten NO en vervolgens vergeleken met het expressieprofiel van tra (in 

Hoofdstuk 3). Deze resultaten toonden aan dat wom in diploïde embryo’s tot expressie komt 

gedurende de vroege fase van hun ontwikkeling, wat in overeenkomst is met de resultaten 

van de transcriptoomanalyse. De afwezigheid van wom mRNA geeft aan dat er geen 

maternale provisie van wom aan de eitjes plaatsvindt. De zygotische expressie van wom start 

2-3 uur NO, wat overeenkomt met de aanvang van de zygotische expressie van tra. In 

bevruchte eitjes piekt de expressie van tra 6-7 uur NO, terwijl de expressie van wom sterk 

afneemt 6-7 uur NO. Wom vertoont een expressieprofiel dat samenhangt met dat van tra 

binnen een zekere tijdsspanne, wat duidt op een functie als activator van de transcriptie van 

tra. 

De allelische oorsprong van wom transcripten (paternaal of maternaal) werd bepaald door 

middel van een synonieme single nucleotide polymorphism (SNP) in exon 3 van wom tussen 

twee lijnen (AsymCX en Russia Bait), die tot  een  NheI restrictie-enzym polymorfie leidt. 

De sequentie van RT-PCR-producten van F1-nakomelingen van reciproke kruisingen werd 

vastgesteld en dezelfde producten werden gedigereerd methet restrictie-enzym NheI. De 

resultaten toonden aan dat wom mRNA alleen getranscribeerd wordt van het paternale allel 

in diploïde embryo’s, wat overeenkomt met de hypothese dat het maternale allel niet tot 

expressie komt. 

Zygotische expressie van wom in jonge diploïde embryo’s werd voorkomen door middel van 

pRNAi om de functie van het kandidaat gen te bepalen. Expressie van tra en wom werd 

vergeleken met controle-embryo’s waarbij gebruik was gemaakt van MilliQ of een GFP-
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construct (in Hoofdstuk 3). De resultaten toonden aan dat een significante afname in zowel 

tra- als wom-expressie plaatsvond in wom pRNAi-behandelde diploïde embryo’s. Bovendien 

ontwikkelden deze embryo’s zich tot volwassen en tevens volledig vruchtbare mannetjes met 

man-specifieke tra-transcripten. Deze resultaten toonden aan dat wom essentieel is voor de 

vrouwelijke ontwikkeling door het aanzetten van de zygotische expressie van tra. 

Daarentegen nam de expressie van wom niet af in embryo’s die behandeld waren met tra-

pRNAi, wat bevestigde dat wom zich boven tra bevindt in de hiërarchie  van het 

geslachtsbepalingsmechanisme van N. vitripennis. 

In hoofdstuk 4 werden de DNA- en eiwitsequentie van wom geanalyseerd. Wom codeert 

voor een eiwit dat een P53-achtig domein bevat met geconserveerde zinkbindende, 

dimerizatie-, en DNA-bindende motieven en een coiled-coil-domein in de C-terminale regio. 

Deze eigenschappen duiden op een functie in genregulatie, en suggereren dat wom een 

transcriptiefactor is wat overeenkomt met de hypothetische functie als activator van 

zygotische tra-expressie. De genomische organisatie van het wom-locus is gecompliceerd. 

Twee aangrenzende kopieën van wom werden gevonden, antiparallel aan elkaar georiënteerd 

op chromosoom 1 van N. vitripennis. De twee kopieën zijn identiek en worden beiden 

getranscribeerd.  

Door te zoeken naar homologe genen werden wom-homologen in sommige soorten binnen 

de Pteromalidae gevonden, maar geen homologen buiten deze familie (in hoofdstuk 4). Deze 

wom-homologen delen de N-terminale regio en het P53-achtige domein van wom in N. 

vitripennis (Nvwom), maar alleen de homologen in Nasonia en Trichomalopsis bevatten de 

complete wom-structuur waarbij meer dan 90% van de aminozuursequentie overeenkomt, 

wat suggereert dat deze genen daadwerkelijk homoloog aan Nvwom zijn. In de overige 

homologen (p53-2) ontbreekt de regio die homoloog is aan LOC100678853. Bovendien werd 

LOC100678853 alleen gevonden in het genus Nasonia en Trichomalopsis. Dit wijst erop dat 

wom een nieuw, chimeer gen is dat haar oorsprong kent in een gedeeltelijke duplicatie van 

het nabijgelegen gen LOC100678853 wat resulteerde in het p53-2 gen. Fylogenetische 

analyse onthulde dat dit gebeurde voor de splitsing tussen Nasonia en Trichomalopsis en de 

overige soorten binnen de Pteromalidae, wat zou betekenen dat wom zeer recent geëvolueerd 

is. 

De identificatie van wom wordt verder besproken in hoofdstuk 5. De identificatie van wom 

bevestigt en verfijnt het “Maternal Effect Genomic Imprinting Sex Determination” 

(MEGISD) model voor Nasonia. Wom is het eerder voorgestelde feminizerende gen “zygotic 

sex determiner” (zygotische geslachtsbepaler; zsd). Zsd wordt geacht niet tot expressie te 

komen in onbevruchte eitjes als gevolg van maternale imprinting wat er uiteindelijk toe leidt 

dat de embryo’s ontwikkelen als mannetjes. Iin bevruchte eitjes is tevens een paternaal allel 

aanwezig dat niet onderhevig aan imprinting is en dus wel tot expressie komt, wat juist leidt 
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tot vrouwelijke ontwikkeling. Het gen dat verantwoordelijk is voor het imprinten van het 

maternaal overgeërfde wom allel is de maternale factor (maternal sex determiner (msd)) 

waarvan de identiteit vooralsnog onbekend is. In de gynandromorfe lijn HiCD12 kwam wom 

tot expressie gedurende de vroege ontwikkeling van haploïde embryo’s die zich 

ontwikkelden als gynandromorfen. In een vergelijking tussen de gyandromorphe en wild-

type sequenties werden geen potentieel functionele verschillen gevonden tussen het gen wom 

zelf noch in de stroomopwaarts gelegen regio. Dit suggereert dat dit het gynandromorph (gyn) 

gen een dysfunctionele mutant van msd in HiCD12 kan zijn, waardoor de imprinting van 

wom (gedeeltelijk) mislukt. Toekomstig onderzoek zou de onderliggende mechanismen voor 

de imprinting van wom en hoe dit ertoe leidt dat tra op tijd geactiveerd wordt kunnen 

ontrafelen. 

In conclusie, dit onderzoek heeft een nieuw paternaal signaalgen voor vrouwelijke 

ontwikkeling geïdentificeerd en beschreven. Het is het eerste bekende signaalgen waarbij de 

ouderlijke oorsprong van invloed is op de werking van een geslachtsbepalingsgen. Dit 

suggereert dat genomische imprinting een veelvoorkomende regulatie in 

geslachtsbepalingsmechanismen zou kunnen zijn in soorten zonder CSD. Dit onderzoek 

bevestigt tevens de diversiteit en snelle evolutie van signaalgenen voor geslachtsbepaling in 

insecten. Het kan daarmee bijdragen aan een beter begrip van de evolutionaire krachten die 

tot de diversiteit van geslachtsbepalingsmechanismen leiden. 
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