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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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