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PREFACE
Insects possess some particular parts which are not to be found in any of the larger
animals. Among these are the Antennae, which are generally termed the horns. They
are those processes or jointed bodies situated on each side of the head. The use of
these parts is not entirely understood. It has by some been imagined that they are the
instruments of hearing.
George Shaw, General Zoology (1806) Vol. VI Insecta, Part I, p.8

When the Keeper of the Natural History Section of the British Museum wrote these words in
his introduction to his two-volume work on insects in 1806, our knowledge of the use and
function of the antennae was clearly only rudimentary. Two hundred years later, scientific
research has come on leaps and bounds and has afforded us much better insight into the
essential role these organs play. Nevertheless, we are still only at the beginning of our journey
into gaining a fundamental understanding of the functioning of the sensory apparatus and
neurological pathways in the brains of insects and the dimorphic differences between the
sexes.
This current study on sexual dimorphism in the antennal lobe of the parasitoid wasp Nasonia
vitripennis is aimed at unravelling the sex-determining mechanisms that specify sexual
identity in the insect olfactory system and the results will provide us with greater insight into
how specific genes contribute to insect behaviour through regulating a sexually-dimorphic
insect brain.
I would like to thank Eveline Verhulst and Hans Smid of the Laboratory of Entomology at
Wageningen UR for their invaluable advice and guidance, constructive supervision and not
least for the opportunity to carry out a fascinating thesis project within a scientific field that
continues to dazzle and fill me with passion.
Aidan T. Williams, March 2019
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ABSTRACT
Sex-specific behaviour of insects originates from differences in brain morphology that are
regulated by conserved genes at the bottom of the sex-determination pathway. Initiation of
sexual behaviour in many insects is determined by sex pheromones and subsequent
processing in sex-specific signalling pathways. The antennal lobe is the first odour-processing
centre in the insect brain, where olfactory glomeruli translate olfactory information into an
olfactory code. Sexual dimorphism has been observed in the number, volume and
organisation of glomeruli in species across various insect orders. However, our knowledge on
the genetic basis of these sex differences is limited to only a few species, such as Drosophila.
More research is therefore needed to elucidate the function of sex-differentiation genes in
regulating a sexually dimorphic brain, which in turn regulates sex-specific behaviour. We
studied the role that the sex-differentiation gene Transformer (Nvtra) has in shaping sexual
dimorphism in the antennal lobe of Nasonia vitripennis. Transformer expression was silenced
in female wasps with dsRNA to create intersexes. The effect of silencing Nvtra on antennal
lobe morphology was analysed by quantifying the number and volume of glomeruli in
intersexes and comparing these traits with wild-type males and females. By silencing Nvtra
expression in female wasps, we changed female-specific splicing of the Doublesex (Nvdsx) and
Fruitless (Nvfru) genes into male-specific splicing, resulting in an antennal lobe that exhibits a
number of male-specific glomeruli. Our results show that males and females contain a
number of sex-specific olfactory glomeruli and that these glomeruli are regulated by the
Nvdsx and/or Nvfru transcription factors in a clustered arrangement. It is the first such study
to show evidence of the conserved role of these transcription factors in regulating sexual
dimorphism in the brain of a parasitoid wasp.
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1. INTRODUCTION
Sexual dimorphism refers to distinct morphological and behavioural differences between
males and females of the same species, other than the sexual organs. These sex differences
can manifest themselves in fascinating ways, sometimes leading to dramatic disparities
between the sexes, such as ornate colouration and plumage in birds of paradise (Frith &
Beehler, 1998) or extreme size differences in certain spiders (Hormiga et al., 2000). This
exaggeration in secondary sex characteristics might even lead to the mistaken conclusion that
the species in question are unrelated, whereas sex differences in other species seem only
subtle or even opaque. Sexual dimorphism, however, can also present itself in internal organs,
such as the brain (Jacobs, 1996). Studies on the sex-determination system are now beginning
to unravel the underlying molecular mechanisms that are responsible for sexual
differentiation in the insect brain and which ultimately give rise to sex-specific behaviour.
Sexual dimorphism in insects is regulated by the sex-determination pathway, a cascade of
sex-determining genes (Gamble & Zarkower, 2012). This pathway processes primary signals
to regulate the sex-specific expression and splicing of downstream genes required for sexual
differentiation (figure 1). While primary signals at the top of the cascade are extremely
diverse among insects, genes further downstream are widely conserved in terms of their
function and position (Gamble & Zarkower, 2012; Sánchez, 2008). All pathways share a
common theme, which consists of a genetic binary switch and downstream effectors (Bopp
et al., 2014). Instructive primary signals at the top of the cascade either turn the conserved
switch ON for female development or OFF for male development. The instructive signals are
then relayed from this switch to the downstream effectors that regulate sexual differentiation
in insects.
Research into various insect species has shown that the role of this binary switch is
undertaken by the Transformer gene (Tra) (Bopp et al., 2014). In all insect species, the ONOFF regulation of this gene results from its sex-specific alternative splicing (see review in
Verhulst et al., 2010a and references therein). Only female-specific splicing of Tra mRNA
(TraF) yields a functional protein (TRA), whereas in males a non-functional truncated protein
is produced (Verhulst et al., 2010a). The signals that regulate Tra splicing are extremely
diverse and appear to be species-specific.
The pathway below Tra bifurcates into the conserved downstream genes Doublesex (Dsx) and
Fruitless (Fru). These genes encode transcription factors that regulate sexually dimorphic
traits by either repressing or activating the expression of their target genes (Baker et al., 2001;
Clough et al., 2014). The mRNA of both genes is a target for the TRA protein to regulate
female-specific splicing for female differentiation, whereas in the absence of TRA, these genes
are male spliced by default for male differentiation (Bertossa et al., 2009; Concha et al., 2009;
Hasselmann et al., 2008; Hediger et al., 2010; Lagos et al., 2007; Oliveira et al., 2009; Ruiz et
al., 2007; Ryner et al., 1996; Verhulst et al., 2010b). Unlike Dsx, only male-specific splicing of
Fru in the absence of TRA results in a functional FRU protein (Ryner et al., 1996).
The Dsx and Fru transcription factors are responsible for sexual differentiation in morphology
and behaviour in insects. The transcription factors provide information of sexual identity to
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their target genes to differentiate tissues during development, resulting in sex-specific traits
(Neville et al., 2014; Verhulst & Van de Zande, 2015). Doublesex has been shown to be the
connecting element at the interface of sex determination and sexual differentiation (Verhulst
& Van de Zande, 2015). Fruitless, on the other hand, is restricted to playing a male-specific
role, as evidence shows with Drosophila (Demir & Dickson, 2005; Gailey et al., 2006). Both
genes, nevertheless, are important for specifying sexual dimorphism in the insect brain
underlying sex-specific behaviour (Lee et al., 2002; Neville et al., 2014; Rideout et al., 2010;
Yamamoto & Koganezawa, 2013). Sex-specific behaviour of insects can therefore be
attributed to fine-tuned differences in sex-specific expression of Dsx and Fru in the developing
nervous system (Billeter et al., 2006; Kimura et al., 2008; Rideout et al., 2007; Rideout et al.,
2010; Siwicki et al., 2009; Zhou et al., 2014).

Figure 1: The sex-determination pathway in Drosophila Melanogaster (adapted from Verhulst et al., 2010a).
Boxes with numbers indicate transcripts with exon number and relative exon size. Dark grey boxes denote
full-length transcripts yielding a functional protein. Light grey boxes denote transcripts containing stop
codons, yielding truncated non-functional proteins. Transcript names are given in italics. Protein names are
F
M
given in capitals. Superscript and represent either female-specific transcript/protein or male-specific
transcript/protein, respectively. In the Drosophila sex-determination pathway, the primary signal is based
on the concentration of X-chromosome linked signal elements. The primary signal regulates the Sxl gene,
which in turn autoregulates the sex-specific alternative splicing of the Tra gene. The bottom half of the sexdetermination pathway (in light grey) is conserved within all insect species.
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Initiation of sexual behaviour in many insects is determined by sex-pheromones and their
processing pathways. Within the insect olfactory system, sexually dimorphic neural circuitries
are responsible for the initiation of sexual behaviour (Datta et al., 2008; Ruta et al., 2010;
Stockinger et al., 2005), which in turn makes the insect olfactory system particularly suitable
for studying sexual dimorphism.
The main olfactory organ in insects is the antenna, the distal segment (flagellum) of which is
divided in multiple annuli. The annuli are covered with numerous chemosensory structures
called sensilla and these structures represent the main sensory organs for perceiving odour
compounds (Schneider & Steinbrecht, 1968). The number, distribution and morphology of
antennal sensilla is species-specific and dependent on the life history of a species (Suh et al.,
2014). Each sensillum, nevertheless, encapsulates the dendrites of olfactory receptor neurons
(ORNs), with each ORN typically expressing a single olfactory receptor (OR) (Zacharuk, 1980).
Each OR and its corresponding ORN detects a unique profile of odour compounds and
subsequently relays the information to the first odour-processing centre of the brain, the
antennal lobe (figure 2). Within the antennal lobe, the axons of ORNs terminate in spheroid
neuropil structures called olfactory glomeruli, where the ORNs are synaptically connected
with local interneurons and projection neurons. Olfactory receptor neurons expressing the
same OR converge their axons on the same glomerulus (Couto et al., 2005; Gao et al., 2000;
Grabe et al., 2015; Fishilevich & Vosshall, 2005; Vosshall et al., 2000; Vosshall & Stocker,
2007), indicating that the number of glomeruli within the antennal lobe corresponds
approximately to the number of expressed ORs on the antennae. Preprocessed information
is conveyed from a glomerulus via projection neurons to higher processing orders of the brain,
such as the mushroom bodies and the lateral horn (Ian et al., 2016; Rø et al., 2007).

Figure 2: Schematic of the insect olfactory pathway (adapted from Masse et al., 2006). Olfactory information is
relayed via ORNs to the antennal lobe where the information is pre-processed and conveyed via projection
neurons to the mushroom body and lateral horn.
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The architecture of the antennal lobe provides a valuable model for studying sexually
dimorphic traits in the olfactory-processing system. Glomeruli in the antennal lobe form
unique morphological and functional units (Grabe et al., 2016) and their consistency in size,
shape and position between individuals makes them individually identifiable. Sexual
dimorphism, moreover, in the number, volume and organisation of glomeruli has been
observed in species across various insect orders, including Lepidoptera (El Jundi et al., 2009;
Montgomery & Ott, 2015; Zhao et al., 2016), Coleoptera (Hu et al., 2011), Diptera (Cachero
et al., 2010; Ghaninia et al., 2007; Kondoh et al., 2003; Rideout & Goodwin, 2008),
Hymenoptera (Das & Fadamiro, 2013; Roselino et al., 2015; Smid et al., 2003; Streinzer et al.,
2013) and Blattodea (Nishino et al., 2010). These sexually dimorphic traits in the antennal
lobe are reflected in the sex-specific olfactory behaviour of insects. Identification of glomeruli,
therefore, provides an important basis for understanding both the functionality of these
dimorphic differences and the neural mechanisms underlying sexually dimorphic olfactory
behaviours. It also provides the opportunity to study how sexually dimorphic traits in the
antennal lobe arise through sex-specific regulation by Dsx and Fru transcription factors.
Until now, research has focused particularly on elucidating the regulatory role of the Fru
transcription factor in the brain of Drosophila. Fruitless plays a crucial role in pheromone
communication and courtship behaviour by specifying neural circuitries in male flies. Sexual
dimorphism among certain glomeruli plays an integral part in these circuitries: male flies show
significantly enlarged glomeruli (Kondoh et al., 2003), forming structures known as
macroglomeruli. Similarly enlarged glomeruli have also been identified in the antennal lobe
of other insect species, including the macroglomerular complex in the male sphinx moth
Manduca sexta (Hildebrand et al., 1980). The macroglomeruli in Drosophila, interestingly, are
innervated by ORNs that express male-specific Fru and respond to female sex pheromones
(Stockinger et al., 2005). These ORNs also innervate a particular class of pheromone-sensitive
sensilla, the trichoid sensilla. Silencing Fru, moreover, produced male flies that failed to
perform courtship behaviour (Dauwalder, 2002). This shows that sex-differentiation genes
can regulate the architecture of the antennal lobe and that they play a significant role in
determining sexual behaviour.
Nevertheless, our understanding of the genetic and developmental pathways remains limited
and is restricted to species such as Drosophila. More research is needed to elucidate the
function of Dsx and Fru transcription factors in regulating a sexually dimorphic brain, which
in turn regulates sex-specific behaviour. Parasitoid wasps, and in particular the genus
Nasonia, serve as excellent model systems for studying these genetic traits. They are an
extremely diverse group within the Hymenoptera (Forbes et al., 2018) and the natural enemy
of a broad range of insects of agricultural relevance. Parasitoid wasps also vary in their host
associations, including host specificity, foraging, host recognition and host utilisation (Quicke,
1997; Tschopp et al., 2013). These variations are reflected in their olfactory behaviour, which
in turn can be linked to differences in the olfactory nervous system.
Nasonia vitripennis has emerged as the genetic model of all parasitoid wasps, having its
genome fully sequenced and annotated (Werren et al., 2010). The Nvdsx gene has been
described and characterised as an ortholog of the Drosophila Dsx gene (Oliveira et al., 2009),
indicating a similar major switch role in Nasonia sex determination and the Nvfru gene has
also been identified and is understood to be spliced by TRA (Bertossa et al., 2009). Sex
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differences in N. vitripennis, moreover, consist of smaller wing size in males, which is
regulated by the male DSX protein (Loehlin et al., 2010). Preliminary studies have already
shown that silencing Nvdsx can produce males that show female characteristics, such as
longer wing size (Wang et al. in prep). The reversed phenotypic effects following Nvdsx
silencing in females have not yet been conclusively shown. However, silencing Nvtra in
females will result in less TRA protein to regulate the female-specific splicing of Nvdsx,
resulting in male splicing to produce a male DSX protein (Verhulst et al., 2010a). Importantly,
ongoing studies have shown that silencing Nvdsx distorts male courtship behaviour (Wang et
al., personal communication). This suggests that Nvdsx might have a similar function in
shaping certain aspects of the antennal lobe that are involved in pheromone pathways as Fru
has in the Drosophila antennal lobe. However, sex-specific differences in the Nasonia brain
have yet to be revealed.
The aim of the present study, therefore, is (1) to provide a comparison of the antennal lobes
of male and female N. vitripennis and (2) to analyse the function of sex-differentiation genes
in shaping glomerular architecture. We hypothesise that (1) wild-type male and female N.
vitripennis possess a number of sex-specific glomeruli and that these dimorphic differences
are regulated by the Nvdsx and/or Nvfru transcription factors in a clustered arrangement. We
compared the antennal lobes of both sexes by performing anterograde tracing and threedimensional analysis. We subsequently silenced Nvtra in third-instar larvae to produce
intersexes and we expected to discern variation in the number of glomeruli. We also
hypothesise that (2) wild-type male and female N. vitripennis possess sex-specific
macroglomeruli that are regulated in their development by the Nvdsx and/or Nvfru
transcription factors. We compared the presence and dimensions of these macroglomeruli in
wild-type males and females by performing volume measurements. We also expected to
discern variation in the number and volume of macroglomeruli in the intersexes.
This study will contribute considerably to our understanding of sex-differentiation
mechanisms and their crucial role in shaping sexual dimorphism in the olfactory-processing
system of a parasitoid wasp. It will also provide a strong basis for research into the neural
mechanisms underlying sex-specific reproductive behaviours. A comprehensive
understanding of the genetic regulation of these neural mechanisms can be utilised to
optimise life-history traits and behaviours of parasitoids for the biological control of pest
species in agricultural and natural ecosystems.
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2. MATERIALS & METHODS
2.1 Study organism
Nasonia vitripennis (Hymenoptera: Pteromalidae) (figure 3), commonly known as the jewel
wasp, is one of four closely related species within the Nasonia genus. It is a generalist that
parasitises the pupae of various fly hosts, such as blowflies, flesh flies and houseflies. It has a
haplodiploid mating system just like all other Hymenoptera: males develop
parthenogenetically from haploid eggs and females from fertilised diploid eggs (Whiting,
1967). Due to its amenability, it is the most commonly used laboratory model of the parasitoid
wasps. Having a fully sequenced and annotated genome, together with the increasing
availability of genetic tools, makes the species an excellent model organism for complex trait
analysis, developmental genetics and evolutionary genetics (Lynch, 2015; Werren & Loehlin,
2009a).

3A

B

Figure 3: N. vitripennis male (3A) and female (3B). Arrows show a difference in pigmentation on antennae and
femora: light in males and dark in females.

Nasonia rearing
The experiments were carried out using the AsymCX laboratory strain of N. vitripennis
(Werren et al., 2010). This highly inbred line contains low genetic variability and is cured of
its Wolbachia endosymbiont. The AsymCX wasps were reared on Calliphora sp. pupae. Finalinstar larvae of Calliphora sp. were obtained from a commercial manufacturer (Kreikamp &
zn, Hoevelaken, the Netherlands) and kept in sawdust at room temperature until pupation.
They were subsequently stored refrigerated at 4°C for a maximum duration of two weeks.
During the rearing process, 20 C. vomitoria pupae were placed together with five mated N.
vitripennis females in polystyrene rearing vials measuring 28.5 x 95 mm with foam stoppers
(Genesee Scientific, San Diego, CA, USA). The AsymCX wasps were reared in accordance with
the protocol for strain maintenance set out by Werren & Loehlin (2009b). The short-term
procedure of this protocol was used by incubating the vials in a climate room at a constant
temperature of 25°C. This enabled the diapausing brood to develop rapidly and emerge after
approximately two weeks. N. vitripennis females will mate immediately upon emergence. To
maintain the line, four new batches were created every week by transferring mated females
from existing batches into vials with fresh C. vomitoria pupae.
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2.2 Synthesis and injection of dsRNA
RNAi silencing of Nvtra was induced in female larvae using dsRNA. A non-sex-specific Nvtra
dsRNA fragment of 452 bp was used. T7 promotor sequences [TAATACGACTCACTATAGGG]
were added to the 5’ and 3’ fragment ends using designed primers (Verhulst et al., 2010b):
NvTra_RNAiF [CGAGACATCAGTTAGAAGAT] and NvTra_RNAiR1 [GTCTTGTGGTCCTATGAAAC].
The fragment was subsequently transcribed in both directions using the Megascript RNAi kit
(Ambion) according to the protocol to generate dsRNA.
The dsRNA was injected into third-instar N. vitripennis larvae and therefore before the onset
of brain development that usually takes place during the pupal phase (Michaelis et al., 2005).
Silencing Nvtra in females converts female-specific splicing of Nvdsx and Nvfru into malespecific splicing. The third instar was specifically chosen to ensure Nvtra expression was
reduced to impede female-specific splicing and to enable intersexual morphologies to
develop. This is due to Nvtra being the splice factor of female-specific Nvdsx.
The procedure for dsRNA injection and larvae preparation was based on the protocol of
Werren et al. (2009). Mated N. vitripennis female individuals were used to produce female
larvae for injection. Mated females will produce approximately 95% female and 5% male
offspring. To standardise larval body size, individual females were offered a single host for 24
to 48 hours and then offered a new host. Third-instar larvae were collected from the hosts
after being reared at 25°C for five days. Each host was carefully opened with a dissecting
needle and the larvae were removed and placed in a line on an agar plate for dsRNA injection.
Before the injection, 4.5 μl of dsRNA (4000 ng/ul) was mixed with 0.5 μl of food-colouring
dye. The injection mix was loaded into a capillary needle (1.0 mm OD, 0.75 mm ID, 100 mm
long) using a microloader pipette tip. The needle was mounted on a microinjection pump
(Eppendorf's electronic microinjector Femtojet 4i) and inserted at an angle of 30 to 40
degrees into the tapered posterior of the larva, to the rear of the grey-coloured gut. While
inserting the needle, the top-half of the larva was pinned down to retain it in position.
The third-instar larvae were returned to an already parasitised host to continue feeding until
pupation. So-called foster hosts were therefore prepared one day before the injection by
enabling females to oviposit their eggs into the tapered end of the host. The eggs were
removed after 24 hours by carefully cracking open the tapered end with a dissecting needle.
A maximum of five treated larvae were placed on the host. The foster hosts were then
resealed with empty pupae capsules and placed individually into glass vials that were
incubated at 25°C until the emergence of the adult wasps after nine days.

2.3 RNA extraction and cDNA synthesis
RNA was isolated from tissue from Nvtra dsRNA-injected females after neuronal tracing,
yielding a sample size of N=13 (three females pooled per sample). The decapitated bodies of
these injected females were stored at -80°C until RNA was isolated. The frozen tissue was
ground and homogenised in an Eppendorf cup with a sterile pellet pestle. Total RNA was then
extracted from individual wasps with RNA lysis buffer in accordance with the column-based
protocol of the ZR Tissue & Insect RNA MicroPrep Kit (Zymo Research, Irvine, CA, USA). RNA
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was quantified with a DS-11 FX Spectrophotometer/Fluorometer (DeNovix, Wilmington,
Delaware, USA). Poly(A) RNA was reverse-transcribed in accordance with the SensiFAST cDNA
Synthesis Kit (Bioline Reagents Ltd, London, UK) using the 5x TransAmp buffer that provided
anchored oligo-dT and random hexamer primers. The resulting cDNA was used for qPCR and
RT-PCR amplification.

2.4 mRNA levels of Nvtra in dsRNA-injected females
Quantitative Real-Time PCR (qPCR) was performed with 5 µl of a 100-fold cDNA dilution and
a 400 nM SensiFAST SYBR Lo-ROX mix (Bioline Reagents Ltd, London, UK) on a BIO RAD CFX96
Real-Time PCR Detection System (Veenendaal, the Netherlands). Nvtra was amplified with
the NvTra_F2 [GACCAAAAGAGGCACCAAAA] and NvTra_R3 [GGCGCTCTTCCACTTCAAT]
primers. Elongation factor 1 alpha (EF1α) was used as a reference gene with the primers
NvEF1a_F1a [CACTTGATCTACAAATGCGG] and NvEF1a_R1a [GAAGTCTCGAATTTCCACAG].
The qPCR profiles were 95°C for three minutes, 39 amplification cycles at 95°C for 15 seconds,
55°C for 30 seconds and 72°C for 30 seconds for Nvtra and EF1α. A post-melt curve was
applied to check for non-specific amplification. Raw fluorescence data generated with CFX
Manager software (version 3.1) were baseline corrected and the N0 values were calculated
for PCR efficiencies per amplicon with LinRegPCR 11.0 (Ramakers et al., 2003). Relative
expression levels of Nvtra were determined by dividing Nvtra N0 values by EF1α N0.

2.5 Splice-variant analysis of Nvtra and Nvdsx
Sex-specific fragments of Nvtra and Nvdsx in dsRNA-injected and control females were
analysed by Reverse Transcription-PCR (RT-PCR). 5 µl of a 100-fold cDNA dilution was used in
a PCR. For sex-specific splicing of Nvtra, amplification primers NvTra_F2 and NvTra_R3 were
used, located at exon 2 and 3 respectively, yielding a single 228 bp fragment in females and
three fragments of 514, 460 and 282 bp in males depending on their age (Verhulst et al.,
2010b). The primer pairs NvDsxU_F1 and NvDsxM_RNAi_R2 and NvDsxU_F4 and NvDsxM_R1
were used for sex-specific Nvdsx amplification. EF1α was used as a reference gene with the
primers NvEF1a_F1a and NvEF1a_R1a. The PCR profiles were 95°C for three minutes, 35
amplification cycles at 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 45 seconds. The
PCR fragments were analysed on a 2% non-denaturing agarose gel stained with
ethidiumbromide.

2.6 Anterograde tracing of antennal lobe
Backfills of ORNs were performed to create histological images of the antennal lobe of each
specimen. Wasps were first sedated on ice before the right antenna was amputated at the
end of the pedicel. The wasps were then mounted in modelling clay to restrict movement,
with the pedicel remaining accessible. A glass micro capillary filled with 2.5% biotin-dextran
in deionised water was placed over the pedicel. The preparations were stored in a fridge at
4°C for at least ten hours. The wasps were then decapitated and the heads immersed in
freshly dissolved 4% formaldehyde in 0.1M phosphate buffer, pH 7.2, to fixate brain tissue for
four hours. The heads were subsequently rinsed in 70% ethanol and the brains dissected in a
transparent embryo block using fine tweezers (Dumont No. 5, Sigma-Aldrich). The dissected
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brains were transferred to a non-transparent embryo block and dehydrated in graded series
of ethanol to make the brain more permeable (in 90%, 96% and 100% ethanol, followed by
50-50 ethanol/xylene and xylene and then rehydrated via 100%, 96%, 90%, 70%, 50% and
30% ethanol and PBS). After washing the rehydrated brains in four changes of PBS, the brains
were incubated in 0.05% collagenase (Sigma) in PBS for one hour at RT and washed in PBS-T
for further permeabilisation. The brains were then incubated in a solution of PBS-T and 1%
bovine serum albumin (BSA) in an Eppendorf cup for one hour. A streptavidin-Alexa Fluor 488
(Invitrogen) conjugate and propidium iodide were subsequently added to the PBS-T-BSA
solution in a dilution of 1:50 and 1:200 respectively to perform fluorescent labelling of the
brain tissue. The brains were then incubated in a fridge at 4°C for at least ten hours. After
incubation, the brains were washed in three changes of PBS and PBS-T and dehydrated again
in ascending concentrations of ethanol. The brains were then transferred to embryo blocks
and dehydrated in solutions of 100% ethanol, 50-50 ethanol/xylene and 100% xylene. Finally,
the brains were mounted on a microscope slide in DePeX (DPX).

2.7 Confocal laser scanning microscopy
The mounted brain specimens were examined with a Zeiss LSM510 confocal laser scanning
microscope (CLSM). The excitation light was provided by an argon ion laser, which was fitted
with a band-pass emission filter. The laser line was set at 488 nm to excite the Alexa Fluor 488
stain and at 560 nm to excite the propidium iodide stain. Brain specimens were scanned using
either the 40x or 63x Plan-Neofluar NA 1.3 oil-immersion objective at a resolution of 2048 x
2048 pixels. Z-stacks were scanned side by side with approximately 20% oversampling, so that
the optical sections overlapped by 20% on the Z-axis. Stacks were then merged into datasets
for 3D visualisation. Mismatches in Z dimension were not corrected, since the refractive
indices of the immersion oil matched those of the DPX mountant.

2.8 3D-segmentation analysis
Image segmentation
Confocal image stacks were analysed using 3D-visualisation software (AMIRA 5.4.2., Visage
Imaging). Glomeruli were identified based on their shape, volume, innervation pattern and
position within the antennal lobe. Individual glomeruli were then manually segmented in each
of the optical sections by assigning voxels to discrete elements representing threedimensional space. A unique label was then given to each specific glomerulus. The
segmentation was completed using the interpolation option and manual correction was
performed on each optical section to ensure correct labelling. Complete 3D-surface
reconstructions were created of the antennal lobe through surface rendering. Surfaces were
first smoothed to produce biologically accurate reconstructions using the resample module,
followed by unconstrained smoothing in the SurfaceGen module. Additional smoothing of the
reconstructions was subsequently carried out using the SmoothSurface module. Finally,
images were taken of the 3D-surface reconstructions and of single optical sections with the
software's integrated camera.
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Determination of the number of glomeruli
The number of sex-specific glomeruli was determined by reconstructing glomeruli as
described above. Only pronounced and well-defined specimens were used to determine the
number of glomeruli. The staining quality of these specimens was regarded suitable to
determine the principal architecture of the antennal lobe. However, although these
specimens were well-defined, 100% reconstruction of all individual glomeruli was not always
possible. Therefore, a slight variance between individual specimens was to be expected. The
total number of individual glomeruli was then determined by counting all the unique labels.
Finally, a comparison of the number of glomeruli was carried out between wild-type males,
wild-type females and intersexes.
Determination of sexual dimorphism in the antennal lobe
The antennal lobes of wild-type males, wild-type females and intersexes were analysed to
determine sexual dimorphism in the number and volume among ordinary glomeruli and
macroglomeruli or marcoglomerular complexes. Glomeruli can either be isomorphic or
dimorphic in terms of their number or volume. Close analysis of the 3D-reconstructed
antennal lobe and the optical sections enabled the identification of whether glomeruli were
present in both the wild-type and intersex antennal lobes based on similarity in position,
morphology and innervation pattern. Landmark glomeruli were then selected in the direct
vicinity of these glomeruli that were also consistent in these criteria in all specimens.
Dimorphism in the number of glomeruli could then be determined based on the relative
position of these glomeruli to the selected landmarks.
Volumetric analyses were performed on glomeruli in wild-type males and females and
intersexes using the MaterialStatistics module in AMIRA to determine dimorphism in volume.
Glomerular volume (in µm3) was calculated by multiplying the volume of a single voxel by the
total number of counted voxels within a segmented glomerulus. Glomeruli were then defined
as macroglomeruli based on two criteria: (1) the position was outside the arrangement of the
ordinary glomeruli and (2) the volume was measured the largest or second largest of the total
glomerular neuropil. Volume measurements were plotted in histograms and the two largest
glomeruli were subsequently compared between specimens to determine their consistency
in volume and position.

2.9 Statistical analysis
Means and standard deviations of the number of glomeruli were calculated. The data was
assessed for normality. A Mann-Whitney U test was performed to determine whether a
significant difference existed in the number of glomeruli between wild-type males, wild-type
females and intersexes. A two-sample t-test was used to determine whether a significant
difference existed in the relative expression level of Nvtra mRNA between dsRNA-injected
females and control females (appendix A). SPSS software (IBM, SPSS, Statistics, version 24)
was used for the statistical tests.
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3. RESULTS
3.1 Wild-type antennal lobe
Organisation of glomerular neuropil
The specimens stained by antennal backfills showed the general glomerular-neuropil
organisation of the male and female antennal lobes (figure 5A-P). 3D-reconstructions were
made of one male and one female specimen (figure 4A and 4B). These reconstructions
showed that the overall morphology of the antennal lobe in both sexes was spherical or
oblate. The glomerular neuropil was enclosed by neurolemma (stained in fluorescent red) in
all specimens. Glomeruli (stained in fluorescent green) were organised as a demarcated layer
around a non-glomerular fibrous core where the antennal sensory tracts innervate the
glomeruli. The medial and lateral halves of the antennal lobe in both sexes were continuous
on the dorsal and ventral side (figure 5A-J), up to the posterior part of the antennal lobe,
where they separated to form two glomerular subsets (figure 5K-P).
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Figure 4: 3D-reconstructed antennal lobe of N. vitripennis. Anterior view of wild-type
female (4A) and wild-type male (4B); anterior view of same models with isomorphic
glomeruli coloured in red (4C and 4D); posterior view (4E and 4F).
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The majority of glomeruli were prolate or oblate in form. The intensity of staining varied per
specimen, with higher levels of staining affecting the frontal glomeruli in the majority of
specimens. Staining of individual glomeruli was generally restricted to their cortical layer. In
the medial and lateral halves, staining was more conspicuous in the cortical layer facing the
periphery of the antennal lobe and less conspicuous in the layer facing the non-glomerular
core.
Glomeruli in both male and female antennal lobes were observed that were relatively
isomorphic in terms of their structure and position (figure 4C-F and 5G-P). Two glomeruli were
located on the ventrolateral side in both males and females which appeared to be innervated
in a similar way by the same sensory tract (figure 5G and 5H). Cortical layer staining in these
glomeruli was particularly concentrated compared with adjacent glomeruli and they were
succeeded by three isomorphic glomeruli in the lateral half of the antennal lobe (figure 5I and
5J).
Ten isomorphic glomeruli were identified in the two glomerular subsets situated posteriorly
(figure 5K-P). Five isomorphic glomeruli were located ventrally in the lateral subset (figure
5M, 5N and 5P), one of which (numbered 11) differed positionally between males and
females. Each subset contained a relatively large glomerulus (figure 5L, 5M and 5O). The large
glomerulus in the lateral subset was prolate in form and surrounded by approximately nine
ordinary glomeruli in the female, which were absent in the male. The large glomerulus located
in the medial subset was also generally prolate in shape, with irregular, concentrated cortical
staining.
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Figure 5: Optical sections from anterior to posterior through the antennal lobe (first row to last
rows) of a wild-type female (♀) and wild-type male (♂). Isomorpic glomeruli are coloured red and
numbered. White arrows indicate macroglomeruli. The glomerulus numbered 11 (in 5M and 5N)
was present in both sexes, but differed in its position. LS = lateral subset; MS = medial subset. Stack
size: female 2048 x 2048 x 73, 112.5 µm x 112.5 µm x 54 µm; male 2408 x 2408 x 64, 115.2 µm x
115.2 µm x 69.3 µm. Size bar (5A and 5B) 200 µm.

Glomerular number
The total number of glomeruli was counted on the basis of the reconstructed antennal lobes.
The mean number of glomeruli was 167±5 (mean±SD) in males (n=4) and 214±4 in females
(n=4) (figure 8). Females possessed more glomeruli than males (P<0.05, Mann-Whitney U
test). Variation was low within male and female specimens, with males ranging from 159 to
171 glomeruli and females ranging from 212 to 224 glomeruli.
Glomerular volume
Volumetric analysis was performed on two male and three female specimens. The maximum
total glomerular-neuropil volume in the males was 60771.14 µm3 and in the females
185409.18 µm3. The majority of glomeruli (approximately 85%) in both male and female
specimens ranged from 100 to 1000 µm3.
The smallest glomerulus ranged from 11.79 to 34.12 µm3 in males and from 17.20 to 101.68
µm3 in females. The largest glomerulus ranged from 520.39 to 2646.88 µm3 in males and from
1477.80 to 3365.64 µm3 in females. The largest volumes in females were recorded in the two
large prolate-shaped macroglomeruli towards the posterior of the antennal lobe. The largest
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volume in males was recorded in the prolate macroglomerulus in the lateral subset, although
the second largest was recorded in the glomerulus located directly ventrally from it and
differed in shape and relative position to the female specimens (figure 5M and 5N).

3.2 Sex-reversal following Nvtra silencing
The larvae injected with dsRNA successfully developed into females that portrayed malespecific characteristics (referred to as intersexes). The antennae and femora of the intersexes
both had significantly lighter pigmentation than that found in wild-type females (figure 6A)
and wing morphology showed an intermediate state between wild-type males and females
(figure 6B). In the majority of cases, the forewings extended to or marginally beyond the
abdominal tip. In a few individuals, however, the morphology of the forewings was similar to
that of wild-type males, although in these cases the forewings were broader and overlapping.

6A

B

Figure 6: Morphology of the intersex showing lighter pigmentation on antennae and femora than wild-type female (6A)
and intermediate wing length (6B).

3.3 Intersex antennal lobe
Organisation of glomerular neuropil
The antennal lobes of seven stained intersex specimens were completely reconstructed. The
quality of these stained specimens was suitable for examining the organisation of the
glomerular neuropil of the antennal lobe. Glomerular organisation was markedly variable
among the specimens and this was clearly visible throughout the optical sections. One welldefined intersex specimen was used to highlight striking discrepancies between the intersex
and the wild-type male and female antennal lobes. The presence, absence and disposition of
specific glomeruli in this specimen were visualised by depicting landmark glomeruli (figure
7A-F and figure 9A-M).
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Figure 7: Discrepancies in glomerular organisation between a wild-type female (7A and 7D), an intersex specimen (7B and 7E) and
a wild-type male (7C and 7F). Top: anterior view; bottom: posterior view. Glomerular clusters absent in the intersex are indicated
in blue in the wild-type female antennal lobe. Landmark glomeruli are coloured red.

A cluster of approximately ten ordinary glomeruli were found to be absent in the
anteromedial section of the antennal lobe of this specimen (figure 9B) that were clearly
present in the wild-type female antennal lobe (figure 9A). Only the neurolemma that had
been stained with propidium iodide was visible at the location of this missing cluster. The
same cluster was also observed to be absent in three other intersex specimens when
landmarks were assigned to the same glomeruli. Two further clusters were observed to be
absent in the anteromedial and anterolateral sections of the intersex antennal lobe, although
it was not possible to assign specific markers to identify these glomeruli in the wild-type
females (figure 9C and 9D).
A cluster of approximately 13 glomeruli were found to be absent in the lateral-dorsolateral
section of three specimens of intersexes (figure 9F and 9I). These glomeruli were also found
to be absent in wild-type male specimens (figure 9G and 9J). Nine of these glomeruli were
found to form a cluster in wild-type females, located in close proximity to the prolate
macroglomerulus used as a landmark in the posterior-lateral subset of the antennal lobe
(figure 9H). Three of the glomeruli of this cluster were also located consistently below the
macroglomerulus in the wild-type female specimens. A further two glomeruli, located directly
below these three glomeruli in wild-type females, were also found in wild-type male and
intersex specimens, located directly below the macroglomerulus. An additional glomerulus
was also located behind this pair of glomeruli in wild-type males and females and in the
intersex specimens, with a similar shape and position in both wild-type males and intersexes
(figure 9K-M).
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Glomerular number
The total number of glomeruli in intersex specimens was counted on the basis of 3D
reconstructions of the antennal lobes. The mean number of glomeruli was 193±15 (mean±SD)
in intersexes (n=7) (figure 8). There was a significant difference in the mean number of
glomeruli between intersexes and wild-type females and between intersexes and wild-type
males (p<0.05, Mann-Whitney U test). In comparison with wild-type males and females, the
intersex specimens showed the most variation in the number of glomeruli, ranging from 171
to 219 glomeruli.
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Figure 8: Mean number of glomeruli in the antennal lobe of wild-type females (n=4), wild-type males
(n=4) and intersexes (n=7). Letters above the bars indicate significant differences (p<0.05, MannWhitney U test).

Glomerular volume
The total glomerular-neuropil volume ranged from 62400.13 to 144161.72 µm3. In six
specimens, over 80% of all the glomeruli in the antennal lobe ranged from 100 to 1000 µm3.
In four specimens, 12% to 20% of all glomeruli were 1000 µm3 or above.
The smallest glomerulus in the seven reconstructed specimens ranged from 26.41 to 96.64
µm3 and the largest glomerulus ranged from 1339.86 to 5393.54 µm3. The macroglomeruli
situated posteriorly in the antennal lobes of wild-type males and females retained their
position in all seven intersex specimens. The prolate macroglomerulus located in the
posterior-lateral subset contained the largest volume, from 1763.23 to 5393.54 um3. In three
specimens, the glomerulus directly below this macroglomerulus had the second or the third
largest volume, ranging from 1929.51 to 2754.07 µm3. This glomerulus (coloured yellow in
figures 9K-M) was also the second largest glomerulus in a wild-type male specimen, 1835.27
µm3, whereas the volume in four wild-type female specimens ranged from 845.12 to 1578.81
µm3. In two intersex specimens, however, the prolate macroglomerulus in the posteriormedial subset formed the second largest glomerulus.
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Figure 9: Optical sections from anterior to posterior through the antennal lobe (first row to last row) showing glomerular
discrepancies (left to right column) between wild-type females (♀), intersexes (⚥) and wild-type males (♂). Glomeruli
absent in the intersex and wild-type males are coloured blue and marked with an asterix in the wild-type female antennal
lobe. The glomerulus coloured yellow (9K-M) had the same shape and position in both the intersex and the wild-type male
antennal lobe. Landmark glomeruli are coloured red and numbered. AN = antennal nerve; LS = lateral subset; MS = medial
subset, Stack size wild-type male and female: idem figure 5; stack size intersex: 2048 x 2048 x 67, 115.2 µm x 115.2 µm x
66 µm. Size bar (9A and 9B) 200 µm.

3.4 Quantitative real-time PCR on Nvtra-silenced individuals
Figure 10 shows the standardised relative expression levels of Nvtra in silenced females and
control females. Silencing females with Nvtra dsRNA did not lead to a significant reduction in
Nvtra mRNA compared to control females (p>0.05, two-sample t-test).
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Figure 10: Relative expression levels of Nvtra mRNA in Nvtra dsRNA-injected females and control females.
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3.5 Sex-splicing effects of Nvtra silencing
Previous studies have shown the differential splicing of Nvtra and Nvdsx between males and
females. RT-PCR on Nvtra generated three male-specific fragments of 514 bp, 460 bp and 282
bp and one female-specific fragment of 228 bp (Verhulst, 2010b). RT-PCR on amplified
fragments of Nvdsx showed that the female splice form is approximately 500 bp long,
whereas the male splice form is approximately 18 bp longer (Verhulst, 2010b; Verhulst, 2011).
In this current study, the sex-specific splicing of the sex-differentiation genes Nvtra and Nvdsx
was assessed with RT-PCR in the Nvtra dsRNA-injected females, while wild-type males and
females were used as controls (figure 11). Control males and females showed normal maleor female-specific splicing of Nvtra and Nvdsx. The Nvtra dsRNA-injected females, however,
showed male-specific splicing of Nvtra. In addition, a transition to male-specific splicing of
Nvdsx was also observed. These females showed both female-specific and male-specific splice
forms of Nvdsx. The reference gene EF1α showed a constant expression pattern in all injected
and control samples.
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Figure 11: Sex-specific splicing patterns of Nvtra (11A), amplified with primers NvTra_F2 and NvTra_R3; Nvdsx (11B and 11C),
amplified with primer pairs NvDsxU_F1 and NvDsxM_RNAi_R2 and NvDsxU_F4 and NvDsxM_R1; the reference gene EF1α
(11D) was expressed in all the samples. Lanes 1 to 13: Nvtra dsRNA-injected females; lanes 14 to 17: control females; lane
18: control male. M is a 100-bp molecular size marker. The samples of lanes 5 and 13 contained contamination. Arrows mark
female-specific splicing and male-specific splicing of Nvtra and Nvdsx.

23

4. DISCUSSION & CONCLUSION
The primary focus of this study was on determining whether sexual dimorphism exists in the
olfactory system of N. vitripennis in order to gain a greater understanding of how sex-specific
differences in the brain are regulated by conserved elements of the sex-determination
pathway. Whereas many insect species across various orders exhibit sexual dimorphism in
brain structure (Hansson & Stensmyr, 2011), our knowledge of the genetic basis for these
differences is extremely limited. Sexual behaviour, and by extension sexual reproduction, may
originate from sexual dimorphism in the nervous system and previous studies have shown
that this relationship is linked to the Tra –> Dsx – Fru pathway (Lee et al., 2002; Neville et al.,
2014; Rideout et al., 2010; Yamamoto & Koganezawa, 2013). The results of our study have
confirmed for the first time that sexual dimorphism exists in the brain of a Nasonia species
and that sexual dimorphism in the brain of Nasonia is regulated by conserved elements of the
sex-determination pathway.
We successfully used RNAi to silence Nvtra expression in female specimens to produce
females that portrayed male characteristics and through anterograde tracing we compared
the antennal lobe of these intersexes with the antennal lobes of both wild-type males and
wild-type females. Our results strongly support the hypothesis that males and females
contain a number of sex-specific olfactory glomeruli and that these glomeruli are regulated
by the Nvdsx and/or Nvfru transcription factors in a clustered arrangement. By silencing Nvtra
expression in female wasps, we changed female-specific splicing of Nvdsx and Nvfru into
male-specific splicing, resulting in an intersex with an antennal lobe that exhibits a number of
male-specific glomeruli and a reduced number of female-specific glomeruli. Earlier studies on
Drosophila have shown that sexual dimorphism in the antennal lobe is regulated by ORNs that
express Fru (Stockinger et al., 2005). In Drosophila, expression of the male FRU form in ORNs
induces an increase in size of three glomeruli that have been shown to play a vital role in male
courtship behaviour (Kondoh et al., 2003; Manoli et al., 2005; Stockinger et al., 2005). The
results presented here, however, demonstrate for the first time that sex-specific differences
in glomerular number are regulated through the alternative splicing of the Nvdsx and/or Nvfru
genes by Nvtra.
The absence of glomerular clusters in the intersex and wild-type male, while clearly present
in the wild-type female, infers that these clusters are female-specific. We can therefore
conclude that the development of these female-specific clusters is regulated by the female
Nvdsx and/or Nvfru transcription factors. Studies on the sex-determination pathway in
Drosophila have also shown that female splicing of Fru results in a non-functional protein, due
to the insertion of a premature-stop codon in the female transcript (Rideout et al., 2007).
Drosophila Fru is therefore considered a male-specific transcription factor that has been
shown to regulate male-specific neural substrates (Manoli et al., 2005). Other studies have
found sex-specifically expressed Fru homologs in N. vitripennis (Bertossa et al., 2009) and in
various dipteran species such as Anopheles gambiae (Gailey et al., 2006), Aedes aegypti
(Salvemini et al., 2013), Ceratitis capitata (Salvemini et al., 2009) and Musca domesticus
(Meier et al., 2013). In the latter study, it was shown that Fru is also a downstream target of
TRA, expressing full-length protein coding splice variants only in males in which Tra is
switched off by the male-determining M-factor. This leads to the premise that female-specific
glomerular clusters in Nasonia are exclusively regulated by the female DSX protein. We
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therefore hypothesise that the male-specific functionality of Nvfru is also conserved in
Nasonia species.
It is interesting to observe that the absence of the female-specific clusters was variable among
the analysed intersexes. Silencing Nvtra with dsRNA leads to reduced glomerular invariance
(in the number, position or size of glomeruli) compared to wild-type females. The intersex
antennal lobes showed the most variability in the total number of glomeruli compared to
those of wild-type males and females. Various studies have supported the evidence that the
total number of glomeruli in the antennal lobe corresponds to the total number of expressed
ORs on the antennae (Couto et al., 2005; Gao et al., 2000; Grabe et al., 2015; Fishilevich &
Vosshall, 2005; Vosshall et al., 2000; Vosshall & Stocker, 2007). Each glomerulus represents a
unique structural-coding unit that is determined by the odour-response profile of the OR,
which in turn is expressed by innervating ORNs (Grabe et al., 2016). A total of 225 functional
OR genes have been identified in the genome of N. vitripennis (Robertson et al., 2010), which
is consistent with the total number of glomeruli we identified in the antennal lobe of the wildtype female: 224 glomeruli in one well-stained specimen. It would therefore be interesting to
research whether intersexes show a reduced number of expressed ORs on the antennae.
The “one OR for each glomerulus” concept gives rise to the premise that the formation of the
female-specific clusters is controlled by OR function and neuronal activity. It has been shown
that silencing Dsx during female pupal development in the mosquito Aedes aegypti led to
reduced length of the antennae and disrupted expression of four female-specific OR genes in
adult female mosquitos (Mysore et al., 2015). Sequences matching the Dsx consensus binding
site were identified upstream of these OR genes, suggesting direct regulation of OR
expression by the Dsx transcription factor. We therefore hypothesise that Nvdsx and/or Nvfru
transcription factors function as an on-off switch for female-specific OR expression, which
regulates the development of the female-specific glomerular clusters.
The female-specific glomerular clusters should have a distinct olfactory function in the
antennal lobe of Nasonia wasps. Regulation of the glomeruli in a clustered arrangement
suggests a chemotopic organisation: an orderly organisation of glomeruli that respond to
odours with similar chemical properties (Binder et al., 2009). Such a spatial representation of
odours has been identified in the olfactory bulb of various mammals (Igarashi & Mori, 2005;
Johnson et al., 2007; Johnson et al., 2009; Uchida et al., 2000; Takahashi et al., 2004), but also
in the antennal lobe of invertebrates such as Drosophila (Couto et al., 2005) and the honeybee
(Galizia et al., 1999; Sachse et al., 1999), where odours are represented by specific groups of
activated glomeruli. In the hawkmoth, Manduca sexta, it has been shown that feeding and
ovipositing behaviour are both initiated by odours in the moth's antennal lobe through the
activation of distinct clusters of glomeruli (Bisch-Knaden et al., 2018).
The regulation of the glomerular clusters by female DSX and/or FRU proteins may infer that
these glomeruli are activated by odours that are exclusively perceived by females. The
olfactory function of glomeruli can be ascertained by tracing the projections of the ORNs to
specific sensilla on the antennae. In Drosophila, topographical mapping of sensilla classes
showed different distribution patterns on the antennae (Grabe et al., 2016; Stocker, 1994;
Stocker, 2001), while the projections of each class tend to form clusters in the antennal lobe
(Couto et al., 2005). Quantitative mapping of the ORNs in Drosophila revealed clusters of
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glomeruli representing a class of sensilla corresponding to a class of ORNs (Grabe et al., 2016).
It would therefore also be interesting to research the female-specific glomerular clusters in
Nasonia to determine which class of sensilla these glomeruli correspond to.
Of particular interest would be to study the ORN projections of the trichoid sensilla. These
long multiporous sensilla are specialised in the detection of pheromone compounds in most
insect species. If the glomerular clusters in Nasonia are innervated by projections of this
sensilla class, it would infer that these glomeruli potentially form an integral part of a neural
circuitry underlying female sexual behaviour. A particularly interesting candidate to study
would be the female-specific glomeruli surrounding a macroglomerulus in the posterior
antennal lobe. The structure of this cluster suggests that these glomeruli form part of a
female-specific macroglomerular complex (MGC), which consists of several compartments
processing different pheromone components (Berg et al., 1998; Hansson et al., 1991; Hansson
et al., 1992; Vickers et al., 1998). Various studies have shown that the glomeruli of an MGC
are innervated by trichoid sensilla (Christensen et al., 1995; Couto et al., 2005). However, we
still only have a limited understanding of the morphology and distribution of Nasonia
antennal sensilla to provide a solid basis for research into ORN projections.
Our current focus was to determine whether Nvdsx and/or Nvfru transcription factors
regulate the development of sexual dimorphism in the antennal lobe of N. vitripennis. We
succeeded in determining that sexual dimorphism exists in the antennal lobe of N. vitripennis
and that dimorphic differences are regulated by Nvdsx and/or Nvfru transcription factors.
However, since TRA regulates the splicing of both Nvdsx and Nvfru, it remains unclear which
of these transcription factors regulates female-specific glomeruli development. It was also
outside the scope of this study to analyse whether male-specific morphologies are regulated
by the male DSX and/or FRU protein. Various studies have shown evidence of the maleconserved role of Fru, although it has yet to be determined whether this role is also conserved
in N. vitripennis. Analysis of the Fru gene in N. vitripennis has revealed no less then 20
different transcripts (Bertossa et al., 2009), but it remains unclear which of these transcripts
is sex-specific and functional. The Dsx gene, however, has been fully described and
characterised (Oliveira et al., 2009), therefore making it a more logical candidate for future
RNAi experiments.
Silencing Nvdsx in males will lead to a reduction in male DSX and the development of
intersexes with female characteristics. The presence of female-specific glomeruli in these
intersexes would therefore infer that the development of such clusters is exclusively
regulated by the Nvdsx transcription factor. Silencing Nvdsx in females, on the other hand,
leads to a reduction in female DSX and will also reveal the degree to which this influences the
development of a sexually dimorphic antennal lobe compared to silencing Nvtra. Ongoing
studies have yet to determine changes in external morphology in these females. We therefore
recommend performing RNAi directly on Nvdsx in both males and females to further elucidate
the regulatory role of this transcription factor on the development of sexual dimorphism in
the Nasonia antennal lobe.
We also succeeded in demonstrating that dimorphism in glomerular volume is regulated by
Nvdsx and/or Nvfru transcription factors. However, our results are necessarily restricted to a
number of well-stained specimens of the wild-type antennal lobe. Within these specimens,
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volume measurements of the same glomeruli appeared variable. It is possible that
segmentation of the glomeruli was facilitated by the degree of staining of these specimens
and this in turn could have facilitated the precision of the glomerular-volume measurements.
The antennal lobes were visualised using anterograde tracing with Neurobiotin, which traces
the ORNs to their target glomerulus. Immunostaining methods that utilise antibodies might
produce optical sections of neuropils that are more clearly defined than neural-tracing
methods. We therefore recommend using immunostaining combined with neural tracing to
further elucidate sexual dimorphism in glomerular architecture.
This study is the first to provide evidence of Nvdsx and/or Nvfru transcription factors
regulating sexual dimorphism in the brain of a parasitoid wasp. By silencing Nvtra expression,
we have shown that these transcription factors are functionally conserved and regulate
sexual differentiation in the brain of N. vitripennis. They regulate sexual dimorphism in the
number, volume and organisation of glomeruli in the antennal lobe. We believe this study can
serve as the foundation for future research on the role of these genes in regulating sexually
dimorphic differences in the Nasonia olfactory system. These differences in the olfactory
system are an important determinant of sex-specific behaviour and sex-differentiation genes
have proven to be crucial in developing sexually dimorphic neural circuitries underlying sexspecific behaviour. This makes N. vitripennis an excellent model species for studying sexually
dimorphic traits in the brain, such as for determining olfactory behaviour, for example.
Moreover, the representation of odours through identifiable glomeruli makes the antennal
lobe of N. vitripennis ideally suited for performing olfactory research. The reconstructed
antennal lobes, therefore, serve as a template for future studies into olfactory behaviour in
N. vitripennis such as courtship, foraging, oviposition and host manipulation, but also into
associative learning of olfactory cues that determine host specificity and searching efficiency.
Understanding the genetic basis of a sexually dimorphic brain will therefore greatly benefit
our knowledge of the biology of N. vitripennis and will help us extrapolate this knowledge and
apply it directly to other parasitoids for biological control and the conservation of biodiversity.
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APPENDICES
Appendix A: Statistical output
Table 1: output of a normality test on the number of glomeruli in the antennal lobe of wild-type male, wild-type female and
female-intersex specimens.
Tests of Normality
Kolmogorov-Smirnov
Specimen
Number of glomeruli

Statistic

df

a

Shapiro-Wilk

Sig.

Statistic

df

Sig.

Wild-type female

.412

4

.

.725

4

.022

Wild-type male

.322

4

.

.818

4

.138

Female intersex

.158

7

.200

*

.980

7

.958

Table 2: output of a Mann-Whitney U test with mean ranks and sum of ranks of the number of glomeruli in the antennal lobe
of wild-type male and wild-type female specimens.
Ranks
Specimen
Number of glomeruli

N

Mean Rank

Sum of Ranks

Wild-type female

4

6.50

26.00

Wild-type male

4

2.50

10.00

Total

8

Table 3: output of a Mann-Whitney U test with significance value for the difference in the number of glomeruli between wildtype male and wild-type female specimens.
Test Statistics

a

Glomerular
number
Mann-Whitney U

.000

Wilcoxon W

10.000

Z

-2.323

Asymp. Sig. (2-tailed)
Exact Sig. [2*(1-tailed Sig.)]

.020
.029

b

a. Grouping Variable: Specimen
b. Not corrected for ties.
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Table 4: output of a Mann-Whitney U test with mean ranks and sum of ranks of the number of glomeruli in the antennal lobe
of wild-type female and female-intersex specimens.
Ranks
Specimen
Number of glomeruli

N

Mean Rank

Sum of Ranks

Wild-type female

4

8.75

35.00

Female intersex

7

4.43

31.00

Total

11

Table 5: output of a Mann-Whitney U test with significance value for the difference in the number of glomeruli between wildtype female and female-intersex specimens.
Test Statistics

a

Number of
glomeruli
Mann-Whitney U

3.000

Wilcoxon W

31.000

Z

-2.084

Asymp. Sig. (2-tailed)

.037

Exact Sig. [2*(1-tailed Sig.)]

.042

b

a. Grouping Variable: Specimen
b. Not corrected for ties.

Table 6: output of a Mann-Whitney U test with mean ranks and sum of ranks of the number of glomeruli in the antennal lobe
of wild-type male and female-intersex specimens.
Ranks
Specimen
Number of glomeruli

N

Mean Rank

Sum of Ranks

Wild-type male

4

2.63

10.50

Female intersex

7

7.93

55.50

Total

11
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Table 7: output of a Mann-Whitney U test with significance value for the difference in the number of glomeruli between wildtype male and female-intersex specimens.
Test Statistics

a

Number of
glomeruli
Mann-Whitney U

.500

Wilcoxon W

10.500

Z

-2.557

Asymp. Sig. (2-tailed)

.011

Exact Sig. [2*(1-tailed Sig.)]

.006

b

a. Grouping Variable: Specimen
b. Not corrected for ties.

Table 8: output of a normality test on the expression level of Nvtra mRNA in Nvtra dsRNA-injected females and control
females.
Tests of Normality
Kolmogorov-Smirnov
Treatment
Expression level

Statistic

df

a

Shapiro-Wilk

Sig.

Statistic

df

Sig.

Nvtra dsRNA

.212

11

.182

.877

11

.095

Control

.301

4

.

.867

4

.284

Table 9: descriptive statistics of the expression level of Nvtra mRNA in Nvtra dsRNA-injected females and control females.
Group Statistics
Treatment
Expression level

N

Nvtra dsRNA
Control

Mean

Std. Deviation

Std. Error Mean

11

.009134569

.0060609331

.0018274401

4

.009961620

.0048873250

.0024436625

Table 10: output of Levene’s Test for Equality of Variances on the expression level of Nvtra mRNA in Nvtra dsRNA-injected
females and control females.
Levene's Test for Equality of Variances
F
Expression level

Equal variances assumed

Sig.
.456

.511

Equal variances not assumed
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Table 11: output of a two-sample t-test with significance value for a difference in the expression level of Nvtra mRNA between
Nvtra dsRNA-injected females and control females.
t-test for Equality of Means
95% Confidence Interval of the
Sig. (2t
Expression level

df

tailed)

Std. Error
Mean Difference

Difference

Difference
Lower

Upper

-.244

13

.811

-.0008270515

.0033929957

-.0081571730

.0065030701

-.271

6.668

.795

-.0008270515

.0030513970

-.0081159044

.0064618015
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