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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. 
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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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