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Thesis Abstract 

 

Mating in insects influences suites of behavioural and physiological changes in females. These 

changes can include key female traits such as dispersal, foraging, oviposition and female re-

mating or receptivity. Whilst much is known at the phenotypic level about post-mating changes 

in reproductive biology across many species, much less is known at the genetic level, especially 

outside of established model organisms such as Drosophila melanogaster. In the parasitic wasp 

Nasonia vitripennis courtship behaviour, rather than copulation, is believed to be primarily 

responsible for driving changes in female post-mating behaviour. Here we have studied female 

receptivity and post-mating gene expression changes associated with courtship and copulation 

in Nasonia vitripennis. Firstly we considered the influence of the duration of various elements of 

courtship and mating on female re-mating rates. We were able to identify an association between 

long pre-copulatory courtship durations and females which are less likely to re-mate (after 24 

hours) and suggest that this may be driven by females which are generally less receptive. We 

also observed that males may be capable of determining female mating state, taking longer to 

engage in courtship with mated females than virgin females. To further explore the influence of 

mating on female post-mating behavioural and physiological processes, we explored changes in 

gene expression occurring in response to mating. To do this we utilised two different 

transcriptomic sequencing approaches developed for the Illumina next-generation sequencing 

platform. Using a tag-seq approach we considered the differential gene expression occurring in 

response to mating in head and body (comprising of the thorax and abdomen) tissues across two 

time-points (30 minutes and four hours). We were able to identify large changes in expression in 

head tissues across time-points in comparison to more subtle changes in body tissues. We 

suggest that head tissues may be more closely associated with post-mating changes in behaviour, 

whilst body tissues are perhaps physiologically more associated with egg production and 
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influenced less by mating per se. Finally, using an RNA-seq approach, we considered the gene 

expression changes occurring in female body tissues in response to three elements of male 

courtship across two time-points (30 minutes and 24 hours). We hoped to narrow down the role 

of male courtship and/or insemination in post-mating gene expression differences, addressing 

first the more limited changed in body tissues. We showed that time-point was the most 

important factor associated with post-mating gene expression, with the courtship components 

tested being associated with very little expressional change. The data presented in this thesis 

suggests that male courtship may not be that important for driving the post-mating behavioural 

and genetic changes seen in Nasonia, perhaps limiting the scope for sexual conflict over 

reproduction in this species. 
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An Introduction to Nasonia 

 

1.0   Thesis introduction 

The aim of this thesis has been to examine how elements of courtship behaviour in the parasitoid 

wasp Nasonia vitripennis shape post-mating behaviour decisions, such as female receptivity loss, 

and to begin to identify the genes and gene networks associated with such behavioural changes. 

Behaviours form a crucial link between the physiological systems of an organism and the 

physical and social environment in which it resides. Because of this essential role, variation in 

behavioural traits can aid in adaptation and ultimately evolution (Godfray 1994). By studying 

the relationship between genes and behaviours, termed behavioural genetics, we can begin to 

discover the genes behind behavioural phenotypes and how they influence evolutionary 

processes. As I will discuss in Chapter 2, next generation sequencing techniques offer an 

unsurpassed means with which to study the genetics behind behavioural phenotypes at a 

genome wide level. 

 

Nasonia, as I will demonstrate in the sections below, have been the subject of research spanning 

several disciplines including, genetics, ecology, evolution and developmental biology. They are 

emerging as a fantastic model organism due to their ease of rearing and handling and due to the 

diverse repertoire of knowledge concerning their biology and behaviour. By studying the genetic 

basis of well studied behavioural phenotypes in Nasonia we can not only gain an insight into the 

genes underlying such traits but also, by comparing our findings with those from other species, 

begin to unravel conserved and diverged pathways for behaviour function, and to consider their 

impact on evolution. 
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Nasonia are of interest to study because they represent a well established model organism for the 

study of development and a plethora of behavioural traits including host searching and choice, 

courtship display and allocation of sex ratios. Finally, the genome sequences of N. vitripennis and 

its two sister species N. giraulti and N. longicornis (Werren et al. 2010) provide a rich source from 

which to establish gene and gene network function in Nasonia, to ascertain how different traits 

may have evolved, and to discover differences in gene structure or number that can be 

associated with insect, Hymenopteran or parasitic lifestyles.   

 

In this thesis I will begin by providing a detailed overview of the behaviours and associated 

genetics, where known, of N. vitripennis, throughout the remainder of this chapter. This work is 

loosely based on a short encyclopaedia piece written in collaboration with David M. Shuker and 

published as ‘Nasonia Wasp Behaviour Genetics’  in the Elsevier Encyclopaedia of Animal 

Behaviour in 2010 (pg 513-519); see appendix 1. In Chapter 2 I will go on to discuss next 

generation sequencing technologies and their application for studying changes across the 

transcriptome in response to behavioural stimuli. In Chapter 3 I present an experiment where I 

explore how male courtship and copulation behaviour influences post-mating receptivity-loss in 

females, a key behavioural trait of N. vitripennis. This work was completed in collaboration with 

Anna Moynihan. In Chapter 4 I discuss a DeepSAGE transcriptome experiment. This experiment 

was designed to investigate the transcriptome changes occurring between mated and virgin 

females, considering head and body tissues separately across two time points. This study has 

been submitted for publication (currently under review) with the journal Molecular Ecology. In 

Chapter 5 I will consider a similar experiment which used the method of RNA-seq to determine 

the influence of various courtship stages on the female transcriptome. In this chapter we consider 

only body samples across two time points in order to try to elucidate the impact of sperm and 
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copulation on female gene expression and how they may link to expected physiological changes. 

Finally, in Chapter 6, I will discuss my thesis as a whole, reiterating my main findings and 

outlining future work which would complement the studies and findings outlined in this thesis. 

 

1.1   Introduction to Nasonia 

Nasonia are small parasitoid wasps of large dipteran (fly) pupae of a variety of calypterate 

families such as Sarcophagidae, Muscidae and Calliphoridae. They belong to one of the largest insect 

orders, the Hymenoptera, alongside ants, bees, wasps and sawflies. The Nasonia genus consists 

of four sister species: Nasonia vitripennis (Whiting 1967); Nasonia giraulti; Nasonia longicornis; and 

the most recently identified Nasonia oneida (Raychoudhury et al. 2010a). N. vitripennis has been 

the most commonly studied Nasonia species and can be found across North America, Europe and 

parts of Asia, making it also the most widely distributed of the four species. The remaining 

Nasonia species show restricted, but overlapping, distributions across North America (Figure 1; 

N. longicornis in the west of N. America, N. giraulti in the east, and N. oneida presently known to 

occur across several research stations in the state of New York; Raychoudhury et al. 2010b).  

 

N. vitripennis was chosen preferentially over the other Nasonia species for study in this thesis due 

to the recent publication of its genome, making it the most suited for the transcriptome analyses 

of Chapters 4 and 5, and because of the wealth of available studies considering various aspects of 

its biology (see sections below).  Males and females of N. vitripennis are easily recognisable from 

one other (Figure 2). Most strikingly females are larger than males exhibiting swollen abdomens 

and averaging between 2.4 to 2.6 mm in length, with the average size of males about 2 mm in 

length (Whiting 1967). Females also posses fully formed wings which protrude beyond the 
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length of their bodies. In contrast the wings of males are much shorter and are unable to support 

them in flight. 

 

N. vitripennis can complete its lifecycle in 13-14 days at 25˚C when reared in host species such as 

Calliphora vomitoria and C. vicina under 16L: 8D light conditions (Whiting 1967, Werren et al. 

2010). Development time is closely associated with both temperature and host species (Whiting 

1967, Voss et al. 2010), ranging from 54.34±4.49 days at low temperatures in Lucilia sericata hosts, 

to 11.80±058 days at high temperatures in C. dubia hosts, with an optimum (fastest) development 

time occurring between 30.6 and 31.8˚C (Voss et al. 2010). The life-cycle begins with oviposition 

or egg-laying behaviour.  Nasonia, as with all Hymenopteran species, are haplodiploid, such that 

males develop parthenogenetically from haploid, unfertilised eggs and females from diploid, 

fertilised eggs (Heimpel and de Boer 2008, Verhulst et al. 2010a; Figure 3). Prior to the hatching 

of the larvae the eggs undergo embryogenesis. The larvae progress through four larval instar 

stages before pupation, adult eclosion and finally emergence from the host puparium. Post-

emergence males and females engage in courtship and mating behaviour, before females only 

disperse from the natal patch in search of new hosts on which to oviposit. Since the release of the 

Nasonia genomes early in 2010 (Werren et al. 2010), many new insights have come to light, 

covering a diverse array of behavioural and developmental aspects of Nasonia biology. In the 

following sections I explore the biology and genetics of each stage of the lifecycle, beginning with 

envenomation and oviposition.   
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Figure 1. The overlapping distributions of the four Nasonia sister species across North America. N. 

vitripennis is the most widely distributed across N. America and is also found throughout Europe and 

Asia. The remaining Nasonia species are only found in N. America. Image taken from: 

http://www.rochester.edu/College/bio/labs/WerrenLab/WerrenLab-NasoniaDistribution.html. 

 

 

 

Figure 2. Images of male and female Nasonia vitripennis. Females are recognisably larger than males 

exhibiting swollen abdomens and averaging between 2.4 to 2.6 mm in length, with the average size 

of males about 2 mm in length (Whiting 1967). Female’s posses fully formed wings which protrude 

beyond the length of their bodies. Males are brachypterous, having small wings, which render them 

flightless. 

 
Male Female 
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 Figure 3. Haplodiploid reproduction in Nasonia. In Nasonia males develop via parthenogenesis 

developing from unfertilised eggs, and receiving only a haploid complement of genetic material from 

their mother. In contrast, females are diploid, forming from fertilised eggs. 

 

 

 
 

 

1.2   Envenomation and Oviposition 

N. vitripennis is a generalist parasitoid, able to parasitise a wide variety of fly species, whilst the 

remaining three Nasonia species are more specialised, preferring Protocalliphora (bird blowflies) 

hosts. Females must first find and select appropriate hosts (section 1.11) on which to oviposit. 

The hard outer puparium wall is then breached by the female, using her ovipositor to drill a 

small hole. Prior to egg laying, venom is injected into the developing pupa in order to cause 

developmental arrest and induce alterations in the hosts physiology to aid the development of 
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the female’s offspring. N. vitripennis venom is known to suppress the host’s cellular immune 

responses, to increase lipid levels found in the haemolymph and fat body and to reduce 

respiratory metabolism, eventually resulting in the death of the host (Rivers and Denlinger 1995, 

Rivers et al. 2002, de Graaf et al. 2010a). The N. vitripennis repertoire of venom proteins was 

recently investigated by de Graaf et al. (2010a, 2010b) using combined bioinformatics and 

proteomics approaches. Using sequences of some 383 known Hymenopteran venom protein 

homologues, they identified 59 venom proteins in the N. vitripennis genome. Further to this, 76 

proteins were identified through mass spectrometry techniques.  The prediction of signal peptide 

motifs of these venom proteins, corresponding to their ability to be secreted into the venom 

storage organs, allowed them to be divided into two categories of true-secretory venom proteins, 

of which there were 61, and non-secretory proteins, of which there were 15. Overall 79 unique 

venom proteins were identified from this study (de Graaf et al. 2010a). These can be split across 9 

broad classes, with the serine protease family, consisting of 15 members, being the most highly 

represented (de Graaf et al. 2010a).  

 

Interestingly half of the 79 identified venom proteins have not been previously associated with 

venom. This might be a reflection of the different complexity of biological functions of the venom 

of Nasonia over other Hymenoptera such as the honey bee Apis mellifera, where Nasonia venom 

plays a role in altering host physiology and immune systems, whereas A. mellifera venom acts as 

a means of defence by inflicting pain (de Graaf et al. 2010a). In addition to this a defensin 

protein, defensin-nv, with antimicrobial activities has also been identified from N. vitripennis 

venom, perhaps playing a protective role for the wasp larvae against microbial infection (Ye et 

al. 2010). In addition, de Graaf et al. (2010b) also investigated a novel protein of the venom gland 

which showed homology to an Apis mellifera C1q-like venom protein. This protein however was 
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found to have wide temporal and spatial distribution in A. mellifera and N. vitripennis females 

(and males) (de Graaf et al. 2010b). As they were found to lack restricted expression in venom 

glands of females, as usually associated with venom proteins, they were suspected to represent 

venom trace elements. These trace elements are not involved in primary venom functions and 

may have links with the wasp’s cellular immune response (de Graaf et al. 2010b). 

 

Nasonia females are concurrent host feeders, meaning that they usually host-feed at the same 

time as depositing eggs (Rivero and West 2005). Females may also host-feed only from a pupae, 

if for instance the host is not at the right stage of development for oviposition (Whiting 1967). In 

such instances female feeding may not be associated with envenomation (Whiting 1967). Host-

feeding aids in the maturation of a female’s eggs and has been shown to increase longevity and 

lifetime egg-production in other insect species (Collier 1995, Giron et al. 2002) as well as Nasonia 

(Wylie 1966). Such behaviour along with the feeding action of the larvae reflects that fact that 

parasitoid wasps are primarily carnivorous (Godfray 1994); although Nasonia can also be 

maintained on honey-water soaked filter paper in the lab. Once females have prepared the host 

for oviposition, they deposit a variable number of eggs, influenced by several factors associated 

with host quality, namely: species; size; whether it has been previously parasitied by the same 

(super-parasitism) or different (multi-parasitism) species (Table 1). Clutch size then is primarily 

determined through female decision-making over host quality. Recently, a study by 

Pannebakker et al. (2011) aimed to indentify the genetic basis of clutch size and sex allocation 

through a quantitative trait loci (QTL) study (see below).  
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Table 1: Papers considering the influence of host attributes on clutch size in N. vitripennis. It should be 

noted that factors considering superparasitism and larval competition require females to process 

information on the size of the host as well as the level of previous parasitism events in order to 

appropriately alter clutch sizes. 

Author Year Host attribute Clutch size Result 

Walker (1967) Superparasitism 
Superparasitism still led to high offspring 
survivorship indicating oviposition restraint by 
successive foundresses. 

Legner (1966) Host species 
Nasonia vitripennis are poorly adapted to 
Musca domestica. 

Werren (1983) Superparasitism 
Multiple foundresses restrain oviposition on 
individual hosts reducing excessive larval 
competition for limiting host resources. 

King & Skinner (2000) Superparasitism 
Females lay fewer eggs and increase the 
proportion of males when ovipositing in 
previously parasitised hosts. 

Molbo & Parker Jr (1996) Superparasitism 
The proportion of males increases as the 
number of foundresses on a patch increases. 

Flanagan et al. (2011) Superparasitism 

When ovipositing simultaneously, a female 
may use information of the other female’s 
body size to adjust her clutch size, where larger 
females lay larger clutches. 

Drapeau and Werren (1999) 
Within host 

mating 
Within host mating leads to significantly more 
female biased broods. 

Rivero & West (2005) Host feeding 

Host feeding by the female prior to oviposition 
leads to significantly smaller females 
corresponding to the amount of nutrients 
extracted from the host. 

Shuker et al. (2005) Superparasitism 
Females lay smaller clutches in previously 
parasitised hosts. 

Sykes et al. (2007) Larval competition 
Larger clutch sizes increase larval competition 
leading to reduced adult body sizes. 

Grillenberger et al. (2009b) Multiparasitism 

Females do not distinguish between con- and 
heterospecific clutches and lay sex ratios as 
with superparasitism conditions when in 
multiparasitism conditions. 
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Because of their haplodiploid sex determination system, Nasonia lend themselves to genetic 

analysis techniques, as large numbers of genetically identical ‘clonal’ females (bar de novo 

mutations) can be produced by the crossing of highly inbred females to a male of known 

genotype. Males can also be used to study haplotypes without effects of dominance. As such, 

haplodiploid genetics aids recombination and QTL studies, and can be easily utilised in the 

analysis of behavioural traits in hybrids across Nasonia strains and species. Clutch size was found 

to be linked to a QTL significant at the genome wide level, and six weaker suggestive QTL 

significant at the chromosome wide level, exhibiting a low broad sense heritability of H2 = 15.3%  

(Pannebakker et al. 2011). The low heritability of clutch size may be a result of this trait being 

influenced by several environmental cues and several genes being involved in the determination 

of this behavioural trait. However, it remains to be seen whether the genetic control of clutch size 

exhibits pleiotropy with other traits (Pannebakker at al. 2011). 

 

Nasonia also exhibit facultative diapause at the end of the fourth larval instar (Schneiderman and 

Horwitz 1958) as a mechanism to survive winter. The decision for the larvae to enter diapause 

rests with the mother prior to oviposition and is passed on to the egg (Saunders 1965), although 

the mechanism is still unclear. An early study by Schneiderman and Horwitz (1958) found that 

chilling the female during egg development or depriving the female of hosts for several days 

post-mating increased the likelihood of diapause offspring being produced by the female. Later 

papers further reported day length as the key factor influencing diapause, with other effectors, 

such as the effect of age, acting secondarily and perhaps even being confounded by the females 

passing on the diapause “signal” (Saunders 1962, 1965, 1966a, b). Work is already being carried 

out to determine if the DNA methylation toolkit, identified in N. vitripennis may have links with 

the induction of diapause in female offspring (Werren et al. 2010). A master’s thesis by Toya 

Santoro at Washington University found no discernible effect of Dnmt3 on diapause but this still 
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requires further experimentation, due to problems associated with the RNAi experimentation. 

Currently the role Dnmt1plays in diapause is being investigated by Tauber and Shuker. 

 

1.3   Sex determination 

Fertilisation in Hymenoptera is broadly associated with sex determination. Sexual dimorphism 

in male and female development begins prior to the first mitotic division of the developing 

embryo (Tram and Sullivan 2000, Ferree et al. 2006). In Nasonia and other Hymenoptera, such as 

Muscidifurax uniraptor, centrosomes are contributed to the female mitotic zygote by the sperm 

pro-nucleus (Tram and Sullivan 2000). Centrosomes are important for microtubule organization, 

including spindle formation, and so are important regulators of cell division. In contrast haploid 

male development requires centrosomes to be maternally provided (Tram and Sullivan 2000, 

Ferree et al. 2006). In early embryos hundreds of microtubule-organising centres (MTOCs) 

develop from accessory nuclei (AN) which contain high levels of core centrosomal proteins, such 

as gamma-tubulin, established completely from maternal origins (Ferree et al. 2006). Prior to the 

first mitotic division, two of these MTOCs will join to the maternal pro-nucleus driving mitotic 

spindle formation and haploid male embryo development (Ferree et al. 2006). In the presence of 

a paternal pro-nucleus, maternally derived MTOCs fail to associate with the maternal pro-

nucleus (Ferree et al. 2006). All remaining MTOCs within the cytoplasm disappear by the end of 

the first mitotic cell division (Tram and Sullivan 2000, Ferree et al. 2006). This mechanism 

provides a means for the development of haploid eggs at the beginning of the sex determination 

pathway of many Hymenoptera. 

 

The sex determination pathway itself, across many organisms, is under the regulation of a 

primary signal specific to each sex (Beukeboom and van de Zande 2010, Verhulst et al. 2010b). 
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This primary signal induces the sex specific splicing of transformer (tra) gene products. Tra in 

turn regulates sexual dimorphism of sexual traits via regulation of the transcription factor 

doublesex (Oliveira et al. 2009). Doublesex is able to mediate such sexual dimorphism via its two 

sex-specific splice forms determined by cryptic splice site regulation by tra (Beukeboom and van 

de Zande 2010, Verhulst et al. 2010b). Whilst the actions of transformer and doublesex appear to 

remain conserved across a range of diverse insect species, the primary signal responsible for 

inducing the sex-specific action of transformer, and transformer-like proteins, is not (see Sanchez 

2008 for review). After consideration of the various mechanisms for the control of sex 

determination, Beukeboom et al. (2007) proposed a “maternal effect, genomic imprinting sex 

determination” (MEGISD) model to explain the primary sex determination signal in Nasonia. 

This MEIGSD model closely resembles the molecular pathway of transformer in Nasonia, as 

determined by Verhulst et al. (2010a).  

 

The identification of a functional transformer gene in N. vitripennis, termed NVtra (Nasonia 

vitripennis transformer), was confirmed through RNAi experiments showing that its knockdown 

led to the loss of female specific isoforms of doublesex, causing diploid offspring to develop as 

males (Verhulst et al. 2010a). High levels of female specific transcripts of NVtra in both 

unfertilised and fertilised eggs identified that a threshold of maternally provided female-specific 

NVtra mRNA exists, and is required to initiate female development (Verhulst et al. 2010a). A 

paternal genome is also required for female development, in order to provide zygotic expression 

of NVtra, which is silenced within the maternal genome due to imprinting. Maternally provided 

female-specific NVtra then initiates female-specific splicing of paternally provided NVtra in 

diploid eggs in an autoregulatory loop. Thus haploid males are incapable of producing female-

specific NVtra splice forms once the maternal provision of female-specific NVtra has diminished, 

as they lack a paternal genome (Verhulst et al. 2010a). In Nasonia then, the paternal genome has 
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reversed its sex determination influence, compared to diploids, by having a feminizing rather 

than masculinising effect (Verhulst et al. 2010b). This is likely due to males only gaining fitness 

through the production of daughters in a haplodiploid sex determination system (Heimpel and 

de Boer 2008). Such imprinting of alleles involved in sex determination pathways may be a 

product of differences in the optimal sex ratio between male- and female-derived alleles 

(Brandvain et al. 2011). Indeed genetic conflict arising between the sexes is arguably a likely 

explanation for the diversity and evolution of sex determination mechanisms (Werren and 

Beukeboom 1998).  

 

1.4   Nasonia, LMC and sex ratio 

Sex ratio, the proportion of sons and daughters across a population or clutch, has been of interest 

to ecologists and evolutionary biologists for the greater part of 80 years. Fisher (1930), 

developing the ideas of Darwin (1871), Düsing (1884) and perhaps Gini (1908; see(Edwards 

1998)for details), hypothesised that natural selection would favour 50:50 sex ratios, or more 

formally equal parental investment in sons and daughters, in panmictic (randomly mating) 

populations. This theory was then adapted by Hamilton (1967) to consider how non-random 

mating can influence the outcome of sex ratios to become more biased towards one sex over the 

other. He considered large populations sub-divided into smaller mating groups formed from the 

progeny of one or more females (foundresses), where only daughters disperse after mating. In 

this population structure females compete for reproductive success with the population as a 

whole, whereas males generally only compete within the smaller mating groups, leading to 

inbreeding and what he termed Local Mate Competition amongst males (LMC). Hamilton (1967) 

predicted that such a population structure would lead to sex ratios biased towards increasingly 

female broods. 
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N. vitripennis have since been shown, over a large number of studies, to fit Hamilton’s (1967) sex 

ratio theory remarkably well (Werren 1983, 1984, Drapeau and Werren 1999, Reece et al. 2004, 

Shuker et al. 2004a, Shuker et al. 2004b, Shuker and West 2004, Shuker et al. 2005, Shuker et al. 

2006b, Shuker et al. 2006c, Shuker et al. 2007b, Sykes et al. 2007, Burton-Chellew et al. 2008, 

Grillenberger et al. 2008, Grillenberger et al. 2009b). N. vitripennis is well suited to study the 

influence of LMC on sex ratio as, in keeping with theory, females can lay on a patch as single or 

multiple foundresses, with females dispersing away from the natal patch due to males being 

brachypterous (having small, rudimentary wings) rendering them flightless (Whiting 1967).  

 

Sex ratio in N. vitripennis is believed to be controlled by females altering the proportion of 

fertilised eggs dependent on information processing of environmental cues (Shuker and West 

2004, Shuker et al. 2007b). It has been observed that females will lay increasingly less female-

biased broods as the number of females on a patch increases, approaching a 50:50 ratio as the 

level of random mating between synchronous broods increases (Werren 1983). In such a scenario 

sex ratios return to a ratio more in line with the theory of Fisher (1930), however, because of 

haplodiploidy, 0.5 is not the expected sex ratio at panmixis. Of primary importance for sex ratio 

decisions is the presence of eggs laid by other females on a patch and, to a lesser extent, the 

presence of other females on a patch during oviposition, increasingly if these females are also 

ovipositing (Shuker and West 2004).  N. vitripennis also appear to be able alter the sex ratios they 

lay on a patch considering only current environmental information, i.e. independent of previous 

encounters with females, regardless of the time that has elapsed since such an interaction 

(Shuker et al. 2007b).  The size of the patch on which a female oviposits is also of importance, 

with sex ratios becoming more female biased (indicative of more LMC) as patches become 

increasingly large, suggesting that larger patches seemingly become sub-divided into several 

smaller patches (Shuker et al. 2007b). It is believed that the cues females utilise in order to alter 
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their sex ratios remain largely the same whether they lay sequentially or simultaneously with 

another female on a patch (Shuker and West 2004). 

 

Superparasitism, where two or more females of the same species parasitise the same host, also 

leads to female adjustment of the sex ratios they lay, again in line with LMC theory (Werren 

1980). Superparasitism also appears to lead to the adjustment of the development time of the 

secondary brood (Werren 1980), allowing for synchronous emergence of adult progeny from the 

host, although rigorous testing of this remains to be done. As a result though, secondary females 

tend to lay less female-biased sex ratios, in order to increase the number of sons able to fertilise 

their own and the previous female’s daughters, thus increasing her relative fitness compared to 

if she also just laid a female-biased brood (Werren 1980). In the extreme, theory would predict 

that a secondary foundress that only laid one egg would produce a male; this is indeed the case 

(Werren 1980). Whilst brood size generally has little influence over the sex ratio laid (Burton-

Chellew et al. 2008), relative brood size is important, and females will adjust their brood sizes to 

reduce over-parasitism of a host thereby reducing larval competition (Walker 1967, Werren 

1983). Indeed females have been shown to preferentially parasitise hosts with smaller broods 

already in place, resulting in reduced larval competition (Shuker et al. 2005). 

 

Adjustment of secondary brood development times reflects the possibility of asynchronous 

oviposition on a host or within a patch.  Asynchronous oviposition in turn can lead to 

asynchronous emergence from hosts as later-arriving females to a patch preferentially utilise 

unparasitised hosts, in turn leading to what has been termed asymmetric local mate competition 

(Shuker et al. 2005, Shuker et al. 2006b).  It was found that the sex ratio laid by secondary females 

was again significantly less female-biased, due to reduced LMC amongst sons caused by 

presence of other males (Shuker et al. 2005). Interestingly females will produce relatively more 
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daughters in an unparasitised host if they have also parasitised a previously parasitised host in 

the same patch. This may be due to the availability of her sons, which will emerge synchronously 

with the first female’s brood, to mate with her daughters from the unparasitised host (Shuker et 

al. 2005, Shuker et al. 2006b). 

 

The assumptions of local mate competition have been shown to be upheld in natural populations 

as well under laboratory conditions (Werren 1983, Grillenberger et al. 2008). However, multi-

parasitism, where two or more females of different species parasitise the same host, may also 

occur in the wild due to overlapping distributions of the four Nasonia species. The extent to 

which this influences sex allocation behaviour is still being examined. LMC predicts that under 

multiparasitism females will continue to lay female-biased broods, as the likelihood of 

interspecific competition for matings is small, thus reducing LMC on males (Grillenberger et al. 

2009b). However, females continue to lay less female-biased broods as under superparasitism 

conditions. This suggests an inability of the females to distinguish between the broods of 

different species (Grillenberger et al. 2009b, Ivens et al. 2009). Females also appear to be unable to 

distinguish kin when mating.  This again leads to deviations away from the expected sex ratio, as 

females mated to siblings do not lay more female-biased sex ratios compared to females mated to 

a non-relative, as would be expected from sex ratio theory (Reece et al. 2004, Shuker et al. 2004b).  

 

As discussed above, we know a great deal about the allocation of sex ratios under LMC, not just 

in Nasonia, but across a diverse range of organisms, from plants to animals (see(West et al. 

2005)and Guidugli-Lazzarini et al. 2008 for reviews). However, much less is known about the 

genetic basis of these traits. Recently, Pannebakker et al. (2011) were able to identify QTL 

associated with sex ratio decisions. (I contributed to this study by helping with the microsatellite 

genotyping, and although the work, undertaken at the beginning of my PhD project, does not 



  Chpt1:   An Introduction to Nasonia 

Rebekah Watt PhD Thesis Page | 27 
 

contribute to this thesis, please find the paper included as Appendix 1). For this study a high sex 

ratio strain (HV06) and a low sex ratio strain (C222a) were backcrossed in order to identify QTL. 

The haplodiploid nature of Nasonia allowed for the generation of replicate females with near 

identical recombinant genotypes. This study utilised the haplodiploid genetics of Nasonia by 

allowing for the generation of replicates of each recombinant haploid genotype in both the high 

and low sex-ratio backgrounds. The broad-sense heritability of sex ratio was low H2 = 9.5% but 

typical for this trait in Nasonia (Pannebakker et al. 2011). One QTL for sex ratio was discovered 

significant at the genome wide level on linkage group (chromosome) 2, associated with a change 

in sex ratio of 15% in the high background and 6% in the low background, where the low allele 

showed partial dominance over the high allele (Pannebakker et al. 2011). Three further QTL 

significant at the chromosome wide level were found on chromosomes 3 and 5. Such a result 

indicates that whilst females rely on environmental cues for the determination of their sex ratios, 

variation in such decision making is associated with genomic regions and segregating genes in a 

wild population (Pannebakker et al. 2011).  

 

It should be mentioned that whilst it appears that females are generally in control of the sex ratio 

that they lay, certain cytoplasmic and genomic elements can lead to a distortion of the sex ratio 

in natural and un-treated laboratory populations. Nasonia males can carry a supernumerary B 

chromosome, also known as psr (paternal sex ratio), which in zygotes at the first meiotic division 

causes the paternal chromosomes, except that is for the psr chromosome, to form a dense 

chromatin mass, causing them to be lost (Werren and Stouthamer 2003). This results in a haploid 

zygote which develops as a functional male, carrying the psr chromosome, and leads to the 

production of all male broods (Werren et al. 1981, Nur et al. 1988, Werren and Stouthamer 2003). 

Similarly, a second element named msr (maternal sex ratio) leads to the production of all female 

broods (Skinner 1982). Here the causative agent of the sex ratio skew is unknown but maybe due 
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to a mitochondrial variant (Werren and Beukeboom 1998). Finally microorganisms can also lead 

to alterations in sex ratios, such as the male killing bacterium Arsenophonus nasoniae, a gamma 

proteobacteria, carried by Nasonia (Werren et al. 1986, Werren and Beukeboom 1998, Ferree et al. 

2008, Darby et al. 2010, Wilkes et al. 2010). A. nasoniae kills male embryos by inhibiting the 

formation of maternal centrosomes. As described in section 1.5, maternal centrosomes are 

important for the development of haploid eggs into male embryos. Their loss results in a 

disorganised meiotic spindle leading to developmental arrest of the male embryo (Ferree et al. 

2008).  Perhaps the most well-known though is Wolbachia (W. pipientis) a bacterium that infects 

not only Nasonia but also between 15-20% of all insect species (although this is probably a 

conservative estimate; Werren 1997, Stouthamer et al. 1999, Bordenstein et al. 2001, Duron et al. 

2008, Werren et al. 2008). Whilst Wolbachia infection can lead to the production of all male 

broods, this only occurs in heterospecific (between-species) matings. Wolbachia infections are 

species specific and different strains lead to cytoplasmic incompatibilities and paternal genome 

loss (Bordenstein et al. 2001). This clearly has important consequences for the production of 

hybrids and the evolution of reproductive isolation among Nasonia species (see below). 

 

1.5   Embryogenesis and Larval Development  
 

Nasonia females deposit their eggs on the surface of the host pupa, in the airspace between the 

pupa and the hard outer puparium shell (Whiting 1967). In the first two days post-oviposition 

the developing embryos undergo segmentation prior to the emergence of small larvae, 

approximately 0.3mm in length (Whiting 1967). Nasonia, like Drosophila melanogaster, are long 

germ insects, meaning that they define all the segments of their bodies essentially 

simultaneously (Lynch and Desplan 2010). This mode of development, whilst shared between 

the two species, is thought to have been acquired independently after divergence from their last 
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common ancestor ~300 million years ago (Mya) (Keller et al. 2010), and may explain some of the 

differences in gene function seen between them in terms of long germ-band development. 

 

Many of the genes involved in early embryonic development, including segmentation and 

pattern formation, characterised in D. melanogaster also appear to have similar conserved 

function during Nasonia development. However, Nasonia embryos appear to differ in the precise 

spatial and temporal localisation of many of these functional elements during embryonic 

patterning (da Fonseca et al. 2009, Lynch and Desplan 2010). For example, variation in the 

patterning of key factors such as Nasonia orthodenticle (Lynch et al. 2006), giant (Brent et al. 

2007), caudal (Olesnicky et al. 2006), and nanos (Lynch and Desplan 2010) are different between 

the two species. This suggests that whilst these patterning regulators were probably present in a 

common ancestor to holometabolous insects (Lynch and Desplan 2010) during the 300 Mya since 

they diverged, considerable differences in the spatial and temporal function of these factors have 

evolved.  

 

As well as the conservation of early patterning genes, the N. vitripennis genome has revealed 

seven paired-domain (Pax) genes, a family of transcription factors which play a critical role in 

developmental processes such as eye formation, neuronal development and segmentation (Keller 

et al. 2010). These genes share a domain structure which is conserved across insect species (Keller 

et al. 2010). The N. vitripennis genome has also been searched for neuropeptide genes, which are 

signalling molecules involved in physiological processes such as early development, 

reproduction, homeostasis and behaviour (Hauser et al. 2010). These authors were able to 

identify 51 putative mature neuropeptides derived from 30 precursor genes, and were able to 

confirm the presence of 24 of these neuropeptides in brain tissues through mass spectrometry 

techniques. Included among these were eight Nasonia orthologues for insect neuropeptides and 



  Chpt1:   An Introduction to Nasonia 

Rebekah Watt PhD Thesis Page | 30 
 

protein hormones where the receptor has not yet been found in any insect. As well as this, it was 

found that several ligand-receptor couples could not be identified in Nasonia. One such ligand-

receptor couple is that of sex peptide (SP) and its receptor, sex peptide receptor (SPR) (see section 

1.12 and Box 1). This suggests that some important differences exist in the hormone signalling 

pathways present in Nasonia when compared with “model” species such as Drosophila (Hauser et 

al. 2010). 

 

At the standard laboratory rearing temperature of 25°C, approximately 48 hours after 

oviposition the eggs have completed embryogenesis and larvae consisting of 15 segments (two 

head segments, three thorax segments and ten abdomen segments) hatch out. These larvae then 

move across the surface of the host pupa to a suitable feeding site, where they latch onto the host 

and begin to feed on its bodily fluids (Whiting 1967). Thus, the ability for N. vitripennis venom to 

sequester lipids into the host haemolymph, and inhibit the host immune response, e.g. by down-

regulating melanisation of the wounding site where larvae attach to the pupa, aids larval 

development (Nappi et al. 2005, Beck and Strand 2007, Tian et al. 2010b). The larval environment 

of Nasonia leads to competition, where the brood of one or more females compete for finite host 

resources. As brood sizes increase, body size has been shown to decrease (Sykes et al. 2007, 

Moynihan and Shuker 2011). Body size is further reduced in females when the number of 

competing females increases (Sykes et al. 2007). Body size is not solely determined by the level of 

larval competition though, and has been shown to be traded off in order for mating success gains 

elicited by shorter development and earlier emergence times in males (Moynihan and Shuker 

2011; see also section 1.6). The larvae remain attached to the host throughout the four larval 

instars, retaining all waste products giving them a dirty white appearance (Whiting 1967). Once 

the larvae have reached the fourth and final instar they cease feeding and enter a rest period of 

approximately 6-7 days post-oviposition. During this time the larvae purge themselves of 
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accumulated waste products in preparation for the last larval molt and pupation, which occurs 

within 24 hours or so (Whiting 1967). Around this time hexamerins, which store proteins, are no-

longer synthesised or secreted (Cristino et al. 2010). These storage proteins are then moved to the 

fat body for processing during pupation, providing a source of amino acids for the non-feeding 

pupa’s metamorphosis. In all, seven hexamerins have been identified in the N. vitripennis 

genome, most showing a peak of expression during larval instar four (Cristino et al. 2010). 

Notably, one hexamerin protein, Nvihex81, thought to have homology with Amehex70a from 

Apis mellifera, may play a role in reproduction through the development of the gonad and 

formation of the gametes (Martins et al. 2008, Cristino et al. 2010). As such, this group of proteins 

may also have additional functional roles in adult insects, and such a hypothesis is supported by 

their expression in adult tissues (Cristino et al. 2010). 

 

It takes N. vitripennis approximately 14 days to progress through development from oviposition 

to emergence at a temperature of 25˚C, under 16:8 Light-Dark (LD) conditions (Whiting 1967). 

The wasp pupa progresses through several stages, changing colour from white to yellow, to 

yellow with red eyes, to a so-called “cola bottle” stage where the head and thorax are black and 

the abdomen yellow. Finally they reach an all black stage prior to eclosion by day 13 at 25°C 

(Figure 4).  Fully eclosed adults may then remain within the host puparium prior to emergence 

from the host for some time (Whiting 1967, Bertossa et al. 2010). The different Nasonia species 

show different levels of mating within the host, with N. vitripennis exhibiting very little within 

host mating prior to emergence from the host puparium (Drapeau and Werren 1999). In contrast 

other Nasonia species exhibit varying degrees of within host mating (N. giraulti 10%, N. 

longicornis up to 60%), which may aid in mating isolation and speciation (Drapeau and Werren 

1999, Leonard and Boake 2006). 
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Figure 4. Developmental stages of Nasonia pupae through to final adult form. Development shown 

here is that of a female. Nasonia pupae progress through a) white stage pupae (suitable for RNAi 

injection procedures), b) red-eye stage, c) half-pigmented “cola-bottle” stage, finally reaching d) full 

pigmentation stage prior to eclosion and emergence of the adult shown in e). Image taken from 

(Lynch and Desplan 2006). 

 

 

1.6   Emergence from the host puparium  

Development time has been shown to exhibit a negative relationship with body size, where-by 

larger individuals develop faster across three transitional periods: larvae to pupae, pupae to 

eclosed adult and adult emergence from the host (Moynihan and Shuker 2011). Males can 

shorten their development time to pupation in order to eclose alongside their other host mates, 

leading to smaller individuals (Moynihan and Shuker 2011). In this way the broods, and 

specifically the males, of females which superparasitise a host are likely to have smaller body 

sizes as they trade-off a larger body size in order to emerge in line with the other individuals 

already in the host. Such a trade-off has a positive effect on male fitness, as males which emerge 

earlier are capable of securing more matings with females before female dispersal (Moynihan 

and Shuker 2011). Late emerging males have reduced mating opportunities available to them, as 

females generally mate only once before dispersing away from the natal patch (Ridley 1993). 
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Many behavioural activities, including emergence from the host puparium, are believed to be 

regulated by a circadian rhythm. N. vitripennis males appear to have an endogenous circadian 

activity rhythm of 25.6 hours in constant darkness, and under 16:8 LD conditions emerge 

preferentially around lights on or shortly after (Bertossa et al. 2010). In contrast to emergence, 

eclosion is not rhythmic. This means that males which eclose close to, or at, lights on will not be 

ready to emerge until the next emergence window, and will wait within the host puparium 

(Bertossa et al. 2010). Males can wait within the hosts for as long as 24 hours prior to emergence 

(Bertossa et al. 2010). This indicates that males do not have to have very different development 

times to lead to staggered emergence (e.g. just “missing” lights-on), with larger, faster 

developing males emerging first, securing increased numbers of matings from emerging females. 

 

1.7   Male guarding of exit sites and attraction of females 

In order to emerge from the host puparium, Nasonia males chew small exit holes in the fly 

puparium. N. vitripennis males generally emerge first and may fight to guard exit holes whilst 

waiting for emerging females with which to mate. Generally only one male is able to remain on 

the host puparium, fighting aggressively to try to displace other males in order to secure this 

position (van den Assem et al. 1980a, van den Assem et al. 1980b, Leonard and Boake 2006). 

Fighting bouts are usually short lived with the more dominant male jumping on the other 

causing him to flee, although occasionally some conflicts can lead to biting of the wings and legs, 

although real damage is rarely observed (van den Assem et al. 1980a). Males which are able to 

guard exit holes are likely to have an advantage over displaced males with regards to securing 

matings from emerging females (van den Assem 1976, van den Assem et al. 1980a, van den 

Assem et al. 1980b, Leonard and Boake 2006). 
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In order to attract females, N. vitripennis males intermittently release a mixture of (4R, 5R) - and 

(4R, 5s)-5-hydroxy-4-decanolide (HDL) (Ruther et al. 2007, Abdel-Latief et al. 2008). Males have 

also been observed to dip their abdomens on to the substrate on which they have been mating 

(Barrass 1969, van den Assem et al. 1980b). It is now known that males are depositing HDL 

mixtures from a rectal vesicle via the anus, likely to attract females to a male’s position (Ruther et 

al. 2007, Steiner and Ruther 2009).  Female attractiveness to HDL diminishes after mating and 

HDL is also unattractive to virgin or mated males (Ruther et al. 2007). Similarly males are likely 

to be able to identify females through a chemical cue located on her abdomen. van den Assem 

(1980b) showed that alcohol washing of recently deceased females removed male attraction. 

Water which had been in contact with female abdomens restored male attraction to alcohol 

treated females (van den Assem et al. 1980b). Presence of a female pheromone is further 

supported by Steiner et al. (2006), who demonstrated that a contact cuticular hydrocarbon (CHC) 

was important in arresting male movement and eliciting courtship behaviour. 

 

A second compound has also been identified in male depositions, namely 4-methylquinazoline 

(4-MeQ) (Ruther et al. 2008). This compound is unattractive to females but is attractive towards 

males (Ruther et al. 2008, Ruther et al. 2011). Males seem unable to determine the difference 

between their own deposition sites and that of another male and so 4-MeQ is unlikely to be a 

territorial marking compound (Ruther et al. 2007). Such pheromone deposition sites are believed 

to act as a cue to males to “remind them” where they have successfully engaged in a mating 

event (Ruther et al. 2008, Ruther et al. 2011). Such cues are important allowing males, which may 

move some distance away from a quality mating site whilst pursuing a female for mating, to 

return to their original location (Ruther et al. 2011). This is consistent with observations that 
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males return, or guard, sites where they have been successful in mating with a female (Barrass 

1969, van den Assem et al. 1980b).  

 

1.8   Courtship, Copulation and its influence on female behaviour 

Courtship behaviour is important for both male and female Nasonia, allowing them to attain 

successful copulation with a conspecific. Courtship and its influence over post-mating 

physiological responses and behaviour is the main focus of this PhD thesis. As described in 

section 1.7, males and females use sex-pheromone cues to locate and recognise one another 

(Steiner et al. 2006, Ruther et al. 2007, Abdel-Latief et al. 2008). Indeed the female CHC spectrum, 

in association with visual and tactile information gained by the male upon mounting, aids 

elicitation of the full male courtship display (Steiner et al. 2006). In D. melanogaster male sexual 

behaviour is modulated by the gene fruitless (Gailey and Hall 1989, Ryner et al. 1996). Fruitless is 

a transcription factor with important developmental phenotypes associated with a number of 

traits including patterning of the nervous system, and male sexual behaviour such as courtship.  

Demir and Dickson (2005) showed that male sex-specific splicing of fruitless was necessary for 

correct male courtship behaviour and orientation towards females in D. melanogaster, and indeed 

they could elicit male courtship behaviours in females induced to express male spliced 

transcripts (Demir and Dickson 2005). Sex specific splicing of fruitless was also identified in 

Nasonia by Bertossa et al. (2009), similar to that seen in D. melanogaster, and may highlight the 

importance of fruitless across insect species in its role in eliciting male courtship behaviours 

(Gailey et al. 2006, Bertossa et al. 2009). 

 

Courtship display differs subtly between the four Nasonia species; here I will focus on the 

courtship display of N. vitripennis (Figure 5). As females emerge from the host puparium males 
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give chase, usually over short distances, before mounting the female. As mentioned previously, 

olfactory and visual cues are important for female identification. Furthermore it has been shown 

that removal of the male antennae interferes with male mounting rate, presumably through the 

lack of sensory information (Barrass 1960). Once the male has mounted, the female will arrest 

movement as the male positions himself above her head ready for the courtship display. Once in 

position, males engage in a series of head nod bouts. The number of nods in each bout varies 

between four and seven nods (and is species-specific: Barrass 1960, van den Assem et al. 1980b), 

with each bout separated by an interval of between four to ten seconds (Barrass 1960, van den 

Assem et al. 1980b). The first nod of each head nod bout differs to subsequent nods, having a 

longer duration and being associated with the extrusion of the male’s mouth parts (Barrass 1960, 

Beukeboom and van den Assem 2001). This extrusion occurs directly above the females antennae 

and may be associated with an as yet unidentified male sex pheromone from the male’s 

mandibular glands (van den Assem et al. 1980b, van den Assem and Werren 1994, Beukeboom 

and van den Assem 2001). Whilst this male sex pheromone has yet to be characterised, it may 

play a role in inducing females to signal their receptivity for mating to the male (Beukeboom and 

van den Assem 2001, Ruther et al. 2010). Females signal their receptivity to the males through the 

lowering of their antennae and the extrusion of their genital pore (Jachmann and van den Assem 

1993). Upon this signal the males will complete their current head nod bout before backing up to 

copulate with the female. During copulation the male inserts his aedeagus into the female 

reproductive tract passing his ejaculate to the female. After copulation, the male returns to his 

original position above the female’s head, and engages in post-copulatory courtship, again 

involving series of head nods (Whiting 1967, van den Assem 1976).  
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Figure 5. The courtship display of N. 

vitripennis. Courtship begins with the 

male mounting a female and positioning 

himself above her head (A). Pre-

copulatory courtship consists of a series 

of head nod bouts and the release of an 

as yet uncharacterised pheromone from 

the male’s mandibular glands. This 

induces the female to signal her 

receptivity (B) by lowering her antennae 

and exposing her genital pore. At this 

signal males will complete their current 

head nod bout and back up to copulate 

with the female (C). Post-copulation the 

male will return to his original position 

above the females head and engage in a 

short bout of post-copulatory courtship 

(D), believed to function in female 

receptivity loss. 

  

A. 

B. 

C. 

D. 
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As previously mentioned, Nasonia females are typically monandrous, mating just once after they 

emerge as adults (Whiting 1967, van den Assem and Beukeboom 2004). In N. vitripennis, female 

receptivity loss occurs post-mating and is believed to be driven by post-copulatory courtship 

display of the male rather than the transfer of sperm or accessory proteins, as seen for example in 

D. Melanogaster (van den Assem and Visser 1976, Jachmann and van den Assem 1993, van den 

Assem and Jachmann 1999, Kubli 2003, Ruther et al. 2010; see also Box 1.). A suite of studies 

identifying the importance of courtship over copulation for the induction of female receptivity 

loss have led us to believe that this is indeed the case. Shuker et al. (2007a) showed that females 

which have been mated and received post-copulatory courtship are less likely to mate again 

compared to virgin females. Furthermore, females which have mated, but do not undergo post-

copulatory courtship, are more likely to re-mate than females which have received post-

copulatory courtship (van den Assem and Visser 1976, Jachmann and van den Assem 1993, van 

den Assem and Jachmann 1999). Such observations highlight the importance of post-copulatory 

courtship, and not copulation, as the primary determinant of female receptivity. Whilst the 

molecular mechanism for female receptivity loss remains unknown, in this thesis I have pursued 

methods to explore the basis of female receptivity (and other post-mating changes in behaviour) 

using transcriptomic studies of female gene expression response to courtship and mating (see 

Chapters 4 and 5).  For some post-mating changes in behaviour, such as attraction to male 

advertisement pheromones, we know that the mandibular pheromone released during 

courtship, as well as the copulatory behaviour more generally itself, is important (Leonard and 

Boake 2008, Ruther et al. 2010). In this thesis I explore the post-mating loss of female receptivity 

in terms of putative molecular mechanisms, associated perhaps with combinations of olfactory 

and tactile cues received during mating, and specifically during post-copulatory courtship 

(discussed across all chapters of this thesis). 
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There is little evidence that females are choosy over their mates and they will usually copulate 

with the first male they encounter, generally mating only once due to loss of receptivity towards 

further mating attempts by males. There is some suggestion of so called “rare-male effects”, 

where the rarer of two male types appears to exhibit a relatively increased mating advantage 

over the other. However observations of such frequency dependent mate selection appear to be 

limited across Nasonia strains (Grant et al. 1974, White and Grant 1977, Grant et al. 1980b). 

Multiple matings can also occur, with heritable variation in female willingness to re-mate having 

been identified within one laboratory population (Shuker et al. 2007a). Moreover female 

polyandry (multiple mating) has been shown to evolve under laboratory conditions (van den 

Assem and Jachmann 1999, Burton-Chellew et al. 2007). There is also some tentative evidence 

that polyandry may occur in natural populations, however this finding may have been 

influenced by highly related (due to inbreeding) females ovipositing on the same host patch 

(Grillenberger et al 2008). It remains unclear as to what advantage a female may gain from 

mating multiply. Potentially, at least under laboratory conditions, polyandrous behaviour may 

be the result of male harassment where female dispersal is prohibited; currently there is no 

evidence for sperm or the ejaculate contributing additional benefits to the female such as by 

increasing female longevity (Geuverink et al. 2009). Indeed costs to females, in terms of female 

longevity, also appear largely absent bar a decrease in longevity of small females belonging to 

the Hv2 strain of N. vitripennis (Burton 2007). Similarly there appears to be little advantage for 

males to copulate with a mated female, owing to first-male sperm precedence (Holmes 1974, 

Leonard and Boake 2008). However, as will be discussed in detail in Chapter 3, males copulate 

with mated females for longer than virgin females; this could potentially be linked to the transfer 

of more sperm to the female. Holmes (1974) showed that where the first male to copulate with a 

female was sperm depleted, sperm mixing could occur allowing for the second male to secure 

fertilisations of the female’s brood. Potentially increasing the volume of ejaculate a second male 
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passes to a mated female may increase his paternity in instances where the first male was sperm 

depleted. We suggest in Chapter 3 that males may be able to ascertain female mating status, and 

adjust their copulation duration accordingly. Further experimentation is required to see if there 

is also a link to the ejaculate contribution passed to females by males. Finally, copulations do not 

appear to be immunogenic towards females, failing to cause large increases in immune system 

gene expression post-mating (see Chapter 4), supporting previous evidence that the ejaculate has 

no influence over female longevity (Geuverink et al. 2009). This suggests, that as females are 

mostly monandrous, that a lack of sexual conflict over mating may exist, perhaps reducing the 

evolution of accessory gland proteins (Acps).  

 

1.9   Hybrids, or lack thereof 

The four Nasonia species overlap in their geographic distributions; however hybrids between the 

species rarely, if ever, occur (Breeuwer and Werren 1990, 1995, Bordenstein et al. 2001). The 

isolation of these species is largely maintained by divergent species-specific Wolbachia infections, 

which induce cytoplasmic incompatibilities between the species (Breeuwer and Werren 1990, 

1995, Bordenstein et al. 2001). Two different Wolbachia infections within the same zygote leads to 

the loss of the paternal genome, rendering fertilised eggs haploid, and leading to their 

development as males (Breeuwer and Werren 1995, Bordenstein et al. 2001).  Nasonia can be 

cured of their Wolbachia infections through antibiotic treatment allowing for the production of 

viable and fertile hybrids. This suggests that these recently evolved species have not diverged 

sufficiently for the production of dominant epistatic interactions that can cause F1 hybrid 

lethality or sterility (Breeuwer and Werren 1995). Currently then, reproductive isolation in 

Nasonia is believed to be maintained through the combination of different geographical 

distributions, host preferences and rates of within host mating, with these isolating factors 
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having been preceded by the different Wolbachia infections carried by each of the Nasonia species 

(Bordenstein et al. 2001). 

 

Hybrids formed between the less diverged Nasonia species, N. longicornis and N. giraulti, are fully 

viable and fertile. Hybrids of these species do not exhibit any evidence of significant hybrid 

breakdown, having close to normal rates of egg production, adult survivorship, sperm motility 

and viability (Bordenstein et al. 2001). However, F2 hybrid males are less able to perform 

courtship displays often rendering them behaviourally infertile. In crosses between the more 

diverged species pair, N. vitripennis and N. giraulti, hybrid breakdown is much more apparent 

(Breeuwer and Werren 1995, Ellison et al. 2008). Whilst F1 hybrid females of this cross remained 

viable they exhibited lower egg laying rates, and dramatic reductions in the numbers of 

emerging adult offspring due to high levels of mortality at larval and pupal stages (Breeuwer 

and Werren 1995, Ellison et al. 2008). In addition, differences were noted in the hybrid 

survivorship from reciprocal crosses between the parent species (N. vitripennis female x N. 

giraulti male and N. giraulti female x N. vitripennis male). These differences are considered to be 

associated with the breakdown of interactions between factors in the cytoplasm and the nuclear 

genome (Breeuwer and Werren 1995). 

 

Breeuwer and Werren (1995) first suggested that the asymmetry in compatibilities between 

reciprocal parental crosses may be the result of incompatible nuclear-mitochondrial interactions. 

This has since been shown to indeed be the case. Nuclear and mitochondrial genomes are 

thought to undergo compensatory co-adaptation as the nuclear genome is selected to 

compensate for deleterious mutations which occur at an elevated rate in the mitochondrial 

genome when compared to the nuclear genome (Oliveira et al. 2008, Gibson et al. 2010). Such a 

rapidly evolving and interactive environment can lead to species-specific adaptations and 
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migrations of mitochondrial genes to the nuclear genome (Gibson et al. 2010, Viljakainen et al. 

2010). Indeed, Viljakainen et al. (2010) identified 191 true NUMTs (nuclear sequences of 

mitochondrial origin) in the N. vitripennis genome, spanning 42, 972 bp, all thought to originate 

from independent transfer events. They also showed that there are relatively older and younger 

NUMTs, which are shared between the sister species to varying degrees, again associated with 

hybrid breakdown (Viljakainen et al. 2010). Gibson et al. (2010) were able to identify 59 of the 65 

OXPHOS (oxidative-phosphorylation) pathway subunit genes from D. melanogaster in the N. 

vitripennis genome (rapid divergence may have led to the non-discovery of the remaining genes). 

They were also able to find significant evidence for positive selection in the substitution pattern 

of these genes across nine holometabolous insect species. This again reinforces the notion that 

nuclear-mitochondrial interactions are able to contribute to hybrid breakdown. This likely occurs 

through the lack of available ATP (cellular energy) provided by the mitochondria and increases 

in reactive oxygen species within cells due to the lack of efficacy of interacting nuclear-

mitochondrial enzymatic components (Ellison et al. 2008). Break-up of co-adapted nuclear gene 

interactions can also occur through recombination in hybrids, again leading to hybrid 

breakdown. However, genetic incompatibilities as induced in hybrid formation have not been 

shown to significantly affect the recovery of recombinants, hinting that they are not a primary 

factor in hybrid breakdown (Beukeboom et al. 2010).  

 

Hybrid breakdown is also apparent through disruption of spermatogenesis and behavioural 

abnormalities. F2 hybrid males of N. vitripennis and N. giraulti crosses have been noted to exhibit 

reduced ability to perform the different stages of courtship, and copulate with females at 

reduced frequencies compared to parental species (Bordenstein et al. 2001, Clark et al. 2010). 

Further to this it has been observed that diminished mating success could be linked to reduced 

locomotor activities, perhaps related to nuclear-mitochondrial incompatibilities as discussed 
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above (Clark et al. 2010). Clark et al. (2010) also report that whilst males are able to produce 

viable motile sperm, the total sperm counts were reduced due to defects occurring during 

spermatogenesis, reducing overall hybrid male fertility in comparison to non-hybrid males. 

 

As well as the post-zygotic barriers discussed above, pre-zygotic barriers against the formation 

of hybrids exist. These occur through differences of within-host mating (WHM) frequencies and 

discrimination of heterospecifics through cuticular hydrocarbon (CHC) differences (Drapeau and 

Werren 1999, Bordenstein et al. 2001, Niehuis et al. 2011). As discussed in section 1.5 N. 

vitripennis exhibit little to no WHM, emerging from the host as virgins. In comparison, N. giraulti 

show WHM rates of 64.4% and N. longicornis 9.1%. In this way N. giraulti and N. longicornis are 

able to avoid, to some degree, hybridisation with N. vitripennis where they co-occur 

microsympatrically (Drapeau and Werren 1999). This is advantageous in natural populations as, 

due to Wolbachia infections, hybridization events would likely lead to all male broods. 

Discrimination of heterospecifics is also likely to occur. Bordenstein et al. (2001) observed 

discrimination of N. giraulti males by N. longicornis females. This discrimination was not 

observed for the reciprocal cross and may have links to the degree of WHM exhibited by the two 

species, due to a higher percentage of N. longicornis females emerging from hosts as virgins 

compared to N. giraulti. Therefore it would be of greater evolutionary advantage to N. longicornis 

females to discriminate between mates in order to avoid hybridization events.  Discrimination 

may be mediated through differences in CHC spectrums. Chromatograms of Nasonia pure strain 

males revealed 54 CHC peaks, with 35 found to show significant differences between N. giraulti 

and N. vitripennis (Niehuis et al. 2011). A QTL analysis of these 54 CHC peaks showed that 42 

had a genome wide significance level of 0.01, with evidence for several of these QTL being close 

together on the same chromosome. QTL interactions were also identified between 8 of the 42 

peaks perhaps providing evidence for epistasis (Niehuis et al. 2011). 
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1.10   Dispersal and host searching 

Once females have mated they disperse away from the natal patch. Due to the wing dimorphism 

of N. vitripennis, only females are able to disperse away from the natal patch after mating. 

Studies of natural populations have suggested that Nasonia females are capable of dispersing 

over large distances. Grillenberger et al. (2009a) investigated the dispersal distances of female N. 

vitripennis and N. giraulti. They were able to recapture three out of 450 marked N. vitripennis 

females within a study area (20 m East, 120 m North, and 100 m South of the release point) and a 

further two over 2km away from the study site after two days. Due to their small size Nasonia 

may form part of aerial plankton and so be aided in their dispersal by wind drift (Grillenberger 

et al. 2009a). They suggested that large dispersal distances are also supported by a lack of genetic 

differentiation between sampling sites 100km apart. Further to this Grillenberger et al. (2008) 

considered genetic markers from 3,550 individuals and were able to determine that foundresses 

parasitizing a single patch represented a random genetic sample of the local population, leading 

to the conclusion that there is a high level of dispersion across localities. 

 

The main purpose of dispersal away from the natal patch is for the location of suitable hosts on 

which to oviposit. Mated females undergo several behavioural changes which aid this dispersal, 

including increased flightiness and changes in odour preference (King 1993, Ruther et al. 2007, 

Steiner and Ruther 2009).  Shortly after the completion of mating females are no longer attracted 

to HDL, the male sex-attractant (Ruther et al. 2007), and this loss of attraction to male odours is 

replaced by preference of host odours (Steiner and Ruther 2009). Further to this, females are 

capable of learning odours associated with an initial oviposition site (Schurmann et al. 2009). 

This associative learning can even be manipulated to induce female attraction towards unnatural 
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chemical olfactants present during an oviposition event and this capability to learn likely aids 

and directs subsequent host searching behaviour (Schurmann et al. 2009).  

 

Chemoreception is therefore important for many aspects of the Nasonia lifecycle, including mate 

and host finding behaviour.  N. vitripennis has a total of 225 intact odorant receptors, probably 

the result of several major family expansions, and 47 intact gustatory receptor genes (Robertson 

et al. 2010). Whilst these numbers may still include some pseudogenes, it is clear that their 

chemical ecology is more complex than previously thought (Robertson et al. 2010), and may have 

links with their parasitic lifestyle. In addition to this, the N. vitripennis genome exhibits large 

numbers of metabolic enzymes associated with xenobiotic and chemosensory pathways, 

certainly more than seen in A. mellifera (Oakeshott et al. 2010). The high numbers of genes falling 

into this class may be due in some part to expansions in genes utilised in the processing of 

hormone and sociochemical signals (Oakeshott et al. 2010). Taken together we can suggest that 

Nasonia behaviour and lifestyle is dependent on their ability to correctly identify and respond to 

a variety of chemical cues.  

 

 

1.11   Host preferences  

Once a female has arrived at a host patch she will assess the available hosts for suitability prior 

to making the decision to oviposit. Females seem capable of determining cues about the host 

species, size, stage of development and previous parasitism events (Rivers 1996, Shuker et al. 

2005, Grillenberger et al. 2009b, Ivens et al. 2009, Desjardins et al. 2010, Peters 2010). The different 

Nasonia species exhibit different host preferences, with N. vitripennis being a generalist and 

accepting a variety of calypterate fly species, including taxonomically related species with which 

they are unlikely to have contact with under natural conditions (Peters 2010). The remaining 
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Nasonia species are considered specialists of Protocalliphora (bird blowflies). Introgression of a 

16Mb region of chromosome 4 from N. giraulti into a N. vitripennis background switched N. 

vitripennis host preference from their preferred host of Sarcophaga to N. giraulti like preferences of 

Protocalliphora (Desjardins et al. 2010). The 16Mb introgression maps to a centromeric region 

spanning a multitude of markers which may aid fine scale mapping of host preference genes 

(Desjardins et al. 2010). 

 

As well as discrimination against host species, females have also been shown to be less likely to 

parasitise small (less than 4.6mm) and aberrantly shaped puparia, suggesting that these external 

cues are also important for host acceptance (Peters 2010). Indeed external cues have previously 

been identified as being important for host recognition (Rivers 1996). N. vitripennis are also 

capable of determining if a host has been previously parasitised (Shuker et al. 2005, Ivens et al. 

2009), and show avoidance of superparasitism where possible. This avoidance is increased if 

females are co-founding a patch alongside a female from a different species (Ivens et al. 2009). 

 

1.12   Immune system 

Throughout their life cycle Nasonia come into contact with a variety of environments as both 

larvae and adults, exposing them to diverse microbial challenges. As well as being able to 

understand the complex interaction of insect immune systems with microbial challenge it is 

important to explore how immune systems may influence parasitoid lifestyles. It is also 

important to consider the immune repertoires of insect species such as Nasonia when developing 

new insecticides, in order to develop compounds that will allow advantageous species to survive 

whilst removing pest species (Oakeshott et al. 2010).  As such, much work has gone into 

identifying and characterising the immune system of Nasonia.  
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Defensins are a crucial part of the innate immunity of insects across many species and orders, 

easily identifiable by conserved structural elements (Gao and Zhu 2010b). Defensins broadly 

provide insect resistance against gram positive bacteria. TBLASTN searches of the GenBank 

genomic database for Nasonia (which includes sequences from three sequenced Nasonia species 

genomes), utilising A. mellifera defensins as queries, revealed a total of 15 predicted defensin 

genes (Gao and Zhu 2010b). Two of these defensins also appear to have undergone independent 

gene duplications in Nasonia compared to A. mellifera (Gao and Zhu 2010b). Gene duplication 

and exon shuffling may have allowed Nasonia to develop a more diverse and complex 

antimicrobial immune system, in order to deal with the challenges presented by their parasitic 

lifestyle (Tian et al. 2010a).  

 

Insect defensins fall into the broader class of antimicrobial peptides (AMPs) which, bar 

defensins, show little conservation. AMPs generally function as late acting immune responses to 

deal with infections of microbes that are resistant to immediate-early immune responses, such as 

phagocytosis (Gao and Zhu 2010a). AMPs likely show loss of conservation due to the need to 

constantly adapt and evolve to the variable pathogens to which they are exposed. Computational 

searching of the N. vitripennis genome identified a total of 44 AMPs, most of which are short (< 

150 aa) in length (Tian et al. 2010a). This work showed that N. vitripennis have evolved many 

more kinds and numbers of AMPs than seen in other species, including A. mellifera, likely due to 

gene duplications and exon shuffling events. Hymenoptaecin is a glycine-rich, Hymenoptera-

specific, AMP found in non-parasitic bees, such as A. mellifera. Gao et al. (2010a) were able to 

characterise a Nasonia hymenoptaecin (Nahymenoptaecin) gene, which provides resistance 

against both gram positive and negative bacteria, but with stronger activity against gram-

negative bacteria (Gao and Zhu 2010a). 
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As well as challenges to their own immune systems, Nasonia must be able to suppress the 

immune systems of their hosts in order to allow for the larvae to host feed efficiently for 

development. The defensin-like gene, nasonin-3, is involved in inhibition of the melanisation 

pathway through suppression of phenoloxidase activity of Nasonia’s fly hosts (Tian et al. 2010b). 

Melanisation is involved in several defensive mechanisms such as coagulation around cuticle 

breakage points, a mechanism which has been shown to be particularly important in host 

defence against parasitoids (Nappi et al. 2005, Beck and Strand 2007, Tian et al. 2010b). Nasonin-

3 was demonstrated to inhibit melanisation of the fly haemolymph compared to PBS controls, 

implicating its role as a host immune system suppressor, and may account for its lack of 

antimicrobial activity (Tian et al. 2010b). Nasonin-3 is likely transferred to the host through 

injection of venom by ovipositing females. Further investigation of N. vitripennis venom reservoir 

extracts revealed an elution peak which exhibited antimicrobial activity, subsequently named 

defensin-nv (Ye et al. 2010). Defensin-nv has wide antimicrobial activity against gram positive 

and negative bacteria and some fungi. Whilst the purpose of the antimicrobial activity of venoms 

remains unclear, it may act as protection for developing larvae from microbial infections which 

could be contracted whilst living within the host puparium (Ye et al. 2010).  

 

Also of related interest is the presence of three single stranded RNA (ssRNA) viruses in the 

Nasonia genome. Parasitic wasps are often associated with such viruses which allow them to 

evade or suppress their host’s immune system (Oliveira et al. 2010). However, whilst the three 

ssRNA viruses identified showed varying expression profiles, no effect of their expression could 

be identified in either the host or in N. vitripennis itself. Oliveira et al. (2010) conclude that these 

viruses may be pathogens of N. vitripennis with mild or latent effects, possibly modulated to 

some extent by Wolbachia infection. 
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1.13   Other genome features  

Investigations into several other genome features, which do not necessarily relate to a specific 

element of Nasonia’s lifecycle, have also been pursued. Recombination across the Nasonia genome 

was deduced through a combination of SNP (single nucleotide polymorphism) and 

microsatellite markers. Microsatellites are short tandem repetitive sequences which exhibit 

hypervariability and abundance across many genomes (Pannebakker et al. 2010). Nasonia has 

been found to have a large number of microsatellites, accounting for ~1% of the genome, similar 

to the high microsatellite abundance found in A. mellifera. The most profuse microsatellites in 

Nasonia have dinucleotide motifs and account for 89% of all Nasonia microsatellites (Pannebakker 

et al. 2010). High microsatellite abundance may be a trait of Hymenopteran genomes and are 

potentially linked to the less rigorous control of mismatch repair mechanisms, due to the 

reduced genetic load of haplodiploid species (Pannebakker et al. 2010). 

 

Recombination rates were also approximated by Niehuis et al. (2010). They utilised F2 Hybrid 

male embryos from a cross between N. vitripennis and N. giraulti, and a total of 1,255 genetic 

markers across the 5 Nasonia chromosomes. In this way Niehuis et al. (2010) were able to identify 

recombination rates and patterns across the Nasonia genome. They identified that Nasonia do not 

exhibit more or less recombination than diploid species studied to date, and estimated a genome 

wide recombination rate of 1.4cM/Mb. Local recombination rates were shown to vary between 

0.08cM/Mb and 29.6cM/Mb, with a strong correlation between gene content and recombination 

rates, with recombination higher in regions containing the majority of mapped genes (Niehuis et 

al. 2010). However, they found no correlation between the length or complexity (number of 

exons) of a gene and local recombination rates. 
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A final class of structural element that I shall discuss are retrotransposons, specifically 

retrotransposons which insert primarily into the 28s ribosomal gene sequences. Ribosomal loci 

can comprise several hundred tandem copies of the rDNA transcriptional unit; these surplus 

gene copies can be exploited by invasive elements such as reterotransposons (Stage and 

Eickbush 2010). The complements of two retrotransposons, R1 and R2, were found differ 

between the three sequenced Nasonia species, where 5 divergent R1 families and 5 divergent R2 

families were identified, representing reterotransposon lineages that have been separated for 

hundreds of millions of years (Stage and Eickbush 2010). 

 

Important functional genomic elements, such as those involved in meiosis, have also been 

identified in the Nasonia genome. Meiotic genes are involved in the production of gametes, and 

encompass several process such as cell cycle regulation, sister chromatid adhesion and inter-

homologue recombination (Schurko et al. 2010). Homologues of 39 meiosis related genes were 

found within the N. vitripennis genome with all most all of these genes also having 

representatives in A. mellifera (Schurko et al. 2010). N. vitripennis (and A. mellifera) show some 

sporadic loss of meiotic genes, whose function is likely compensated for by other meiotic genes 

(Schurko et al. 2010). 

 

Another essential functional element of the genome are tRNAs.  tRNAs form part of the 

translational machinery, each able to carry one of 20 amino acids to ribosomal complexes in 

order to produce functional proteins. A survey of the N. vitripennis genome identified 221 tRNA 

genes distributed across the genome, with variable numbers of tRNAs associated with each of 

the amino acids (Behura et al. 2010). The variable numbers tRNA copies per amino acid show 

significant correlation with the number of tRNA copies in A. mellifera and other insect species 

(Behura et al. 2010). Whilst the relative abundances of the tRNA genes were found to be 
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consistent across species, the clustering of these genes in the genome appears to be species 

specific and may be linked to the expression, biogenesis and tandem duplication of these genes 

(Behura et al. 2010).   

 

A final group of genes worth mentioning here are those involved in signalling processes. Cys-

loop ligand-gated ion channels (cysLGICs) are a superfamily of ion channels which transmit 

excitatory and inhibitory synaptic signals in the nervous system of both vertebrates and 

invertebrates, and are of interest as insecticide targets and transmitters of olfactory signals (Jones 

et al. 2010). BLASTn searching of the genome was also able to reveal 26 candidate cysLGICs, the 

largest number identified in an arthropod species so far (Jones et al. 2010). On the other hand, 

Nasonia have the lowest number of neuropeptide precursor genes in relation to other sequenced 

arthropod species (Hauser et al. 2010). Neuropeptides are signalling molecules involved in a 

diverse array of physiological systems such as development, reproduction and behaviour. A 

total of 30 precursor genes capable of producing 51 different neuropeptides were identified and 

could be divided across 5 specific groups. Importantly sex peptide and its receptor were found to 

be absent from the Nasonia genome, having implications for the control of the post-mating 

behaviour of female receptivity loss, as discussed in box1, section 1.7 and Chapters 4 and 5.  

 

In summary, Nasonia is emerging as a great model organism in terms of both its behaviour and 

genetics, bolstered by the recent publishing of its genome. It also stands as a key organism by 

which to help decipher between Hymenoptera-specific and insect-specific genes and traits, as 

well as discovering differences between eusocial and parasitic Hymenopteran lifestyles. Also, 

they are quite pretty under a microscope (Figure 2). 
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Box 1:   Sex peptide and Female Receptivity Loss 

Perhaps one of the best studied molecular mechanisms for the control of female receptivity, and 

post-mating responses in general, is seen in the fruit fly Drosophila melanogaster. Here we see 

suites of accessory proteins influencing the post-mating responses of females (Chen et al. 1988, 

Wolfner 1997, Tram and Wolfner 1998, Chapman 2001, Wolfner 2002, McGraw et al. 2004, Ram 

and Wolfner 2007b, a, Avila et al. 2011). Arguably the most significant of these are the peptide 

pheromones sex peptide (SP) and its highly similar ortholog ductus ejaculatorius peptide 99B 

(DUP99B) and their interaction with the sex peptide receptor (SPR). 

 

Sex-peptide, originally referred to as Acp70a, was first identified to have function in the 

reproductive behaviour of females by Chen (1988), and has subsequently become one of the best 

studied accessory proteins passed to females by males (see Figure 6). Sex-peptide has since been 

classed as a peptide pheromone under the definition of Karlson and Lüscher (1959), as it is 

capable of eliciting a behavioural response in the female after secretion from the male and 

transference to the female via the male ejaculate. Chen (1988) used amino acid sequencing of 

fragments of purified SP to determine its length of 36aa. RNA sequencing analysis showed that 

the mature protein is formed from a 55aa precursor protein, which is modified through the 

removal of a 19aa hydrophobic signal peptide upon transfer into the endoplasmic reticulum. 

Thus, only mature protein enters the lumen of the male accessory glands (Chen et al. 1988, Kubli 

and Paul 1996). Immunofluorescence microscopy further revealed that once within the accessory 

gland lumen some of the SP proteins are able to bind to sperm via their N-terminal end 

(Chapman 2001, Peng et al. 2005). Sex-peptide therefore exists both as free protein in the seminal 

fluid and bound to the sperm when transferred to the female during copulation.  
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Sex-peptide is known to induce both short-term (1 day) juvenile hormone mediated responses 

and also long-term (~1 week) post-mating responses in females. Short term effects were found to 

be elicited by free SP, as its injection into virgin females produced post-mating responses which 

persisted for ~1 day (Schmidt et al. 1993). Long-term responses are associated with a sperm 

effect, first described by Manning (1962). The persistence of the post-mating responses in the 

presence of sperm was shown to be due to the gradual release of the C-terminus of SP from 

sperm heads by trypsin cleavage, leaving the N-terminus bound to the sperm (Peng et al. 2005). 

The remaining N-terminal ends inhibit the binding of free SP to the sperm (Peng et al. 2005). In 

this way post-mating responses will persist in the female until sperm depletion. Free SP only 

induces short-term responses in females as it is cleared from their reproductive tract through 

proteolytic cleavage. Such a response is indicative of continued sexual conflict between males 

and females over control of female receptivity (Peng et al. 2005).  

 

Sex-peptide induces several post-mating responses in females, including the loss of female 

receptivity and increased oviposition rates. These two responses are believed to be triggered 

through the same receptor pathway (Kubli and Paul 1996). SP which is ejaculated into the female 

reproductive tract along with sperm and other accessory proteins must traverse the 

haemolymph to reach its receptor. Sex-peptide injection experiments have shown that to induce 

post-mating responses in virgin females, a concentration of 2-4µM is required (Schmidt et al. 

1993). However, Soller and Kubli (unpublished, see Kubli and Paul 1996) demonstrated that SP is 

only present in the haemolymph at very low concentrations. This was shown through the use of 

SP antibodies, where fentomolar concentrations were required to remove SP function. This 

suggests the presence of a carrier protein in the haemolymph required to transport SP to its 

receptors (Kubli and Paul 1996). This is further supported by Ding (2003) who indicated that 
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binding of sex peptide to receptors within the reproductive tract reflects the presence of a 

peptide transporter.  

 

The receptor for SP was discovered through a genome-wide transgenic RNA interference screen, 

identifying a G-coupled receptor referred to as Sex Peptide Receptor (SPR) (Yapici et al. 2008).  

Sex-peptide receptor is found throughout the fly, originally leading to speculation that once in 

the haemolymph SP traverses through the fly switching on receptors throughout the body and 

head (Kubli 2003, Yapici et al. 2008). Recently, however, it has been shown that SP only interacts 

with SPR in eight neurones, expressing both fruitless (fru) and pickpocket (ppk), surrounding 

the uterus in order to produce the post-mating responses (Yang et al. 2009). Free SP is also able to 

induce increased expression of juvenile hormone, through binding to an unknown receptor on 

the corpus allutum via its N-terminal end (Moshitzky et al. 1996, Ottiger et al. 2000, Kubli 2003, 

Peng et al. 2005). This was shown through in vitro radiochemical assays, where the introduction 

of synthetic SP into virgin females led to a considerable increase in the amount of juvenile 

hormone III-bisepoxide (JHB3) produced by the corpus allutum (Moshitzky et al. 1996). Juvenile 

hormone expression induces increased egg production and maturation. A final protein shown to 

be involved downstream in the SP pathway is the cAMP-specific phosphodiesterase II called 

dunce (Kubli 2003) which is thought to act in the brain but not within the mushroom bodies (Qiu 

and Davis 1993, Ottiger et al. 2000). Whilst a lot of work has so far contributed to the 

involvement of SP in post-mating responses; the pathway and the elements involved 

downstream of SP are still to be elucidated. 
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Ductus ejaculatorius 99B acts in the same manner as, and may act redundantly to, SP. This 

peptide pheromone is 31aa in length in its mature form and is synthesised from a 54aa pre-

cursor protein which, like SP, is transformed in the lumen of the male accessory gland (Saudan et 

al. 2002). The C-terminal regions of SP and DUP99B are highly conserved and are deemed to 

have the same function and suggest the two proteins may have arisen from a duplication event 

(Ottiger et al. 2000, Saudan et al. 2002). The C-terminus of DUP99B has been shown to induce the 

post-mating responses on its own, however a much weaker response is elicited than that seen 

with SP or SP on its own (Saudan et al. 2002, Rexhepaj et al. 2003, Peng et al. 2005). Thus far the 

non-homologous N-terminus of DUP99B has not been assigned a function and cannot induce the 

release of juvenile hormone from the corpus allutum. Unlike SP, DUP99B is expressed in both 

sexes, in the cardia of males and females, and in the ejaculatory duct of males (Rexhepaj et al. 

2003), and is believed to have function in muscle contraction. Like SP, DUP99B likely binds to 

sperm heads via its N-terminus and exists as free proteins which are in part responsible for short 

and long-term post-mating responses respectively (Peng et al. 2005).  
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Figure 6. Overview of the influence of the accessory gland protein sex peptide, within the female 

reproductive tract of Drosophila melanogaster. 

 

 
 
 
 
 
 
 
 
 

 

 

               End of Box 1 
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Application of Next Generation Sequencing Technologies to Studies in Nasonia 

 

2.0   Introduction  

 

Behavioural genetics strives to identify the genes and gene networks underlying behavioural 

traits, with the aim of associating such phenotypes with the expression of genes and of their 

resulting proteins or functional RNA units. Since behaviours act to mediate interactions between 

an organism and the environment, they play a key role to understanding the development and 

evolution of many traits, and so the genetics underpinning behaviour will influence many other 

traits, through their effects on behaviour (Boake et al. 2002, Bendesky and Bargmann 2011). 

Behaviours likely rely on the coordination of a combination of neural pathways, from the 

recognition of a stimulus through to the manifestation of the behavioural phenotype itself. In this 

way, behaviours are unlikely to be regulated by single genes or even single pathways, relying on 

various aspects of the nervous system and associated sensory systems, and physiological 

responses such as cellular metabolism (Baker et al. 2001, Robinson and Ben-Shahar 2002). 

Behaviours, then, generally appear to require diverse epistatic pathways for their control and 

maintenance, making them particularly difficult to study though more traditional mutation and 

candidate gene approaches (Boake et al. 2002). The complexity of behavioural pathways, however, 

does not preclude stark changes in behavioural phenotypes in response to mutation. The neuronal 

patterning gene fruitless, for example, when mutated interferes with the ability of males to 

correctly court females (often leading to chains of males all attempting to court one another; Gailey 

and Hall 1989, Gailey et al. 1991, Dauwalder 2011).  

 

One way in which to investigate the complex relationship between genes and the production of a 

behavioural phenotype is to query how the transcriptome changes in association with the 
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phenotype of interest (Mack et al. 2006, Adams et al. 2008, McGraw et al. 2008, Gomulski et al. 

2012). The transcriptome of an organism consists of all the transcribed portions of the genome at 

the point of sampling, and represents all of the genes which are actively being transcribed within a 

single cell, or across all the cells of a tissue or organism. By sampling the transcriptome at various 

points relevant to the phenotype of interest (e.g. before, during and after a stimulus) it is possible 

to associate changes in the expression patterns of particular genes with that phenotype. In this 

way, studying the transcriptome can open new doors of research by identifying key genes and 

pathways whose altered expression may be associated with the changes observed in the 

phenotype itself (Ishikawa et al. 2012, Liu et al. 2012). In this chapter I shall discuss the 

development of next generation sequencing (NGS) technologies and their application to 

transcriptomic studies. Firstly I hope to provide an argument for the use of NGS methodologies 

over a second expression profiling technique, namely microarrays. I shall then discuss the three 

main NGS sequencing platforms and also the two NGS transcriptome analysis methods utilised in 

this PhD, namely DeepSAGE and RNA-seq.  

 

2. 1   Why use NGS for transcriptome analysis?  

 

As introduced above, studying gene transcription allows us to examine some of the genes and 

gene networks associated with phenotypic traits. Prior to the development of NGS such analysis 

could be carried out using microarrays (or on a very limited scale by qPCR of candidate genes or 

genes of known function: Reymond et al. 2000, Ingram et al. 2005, Guidugli-Lazzarini et al. 2008, 

Kopp et al. 2008). Indeed robust and validated microarrays still provide useful, and exciting, 

information on the differential gene expression occurring between tissues and organisms under 

different developmental and temporal conditions, particularly in well-established model 

organisms (Mack et al. 2006, Jensen et al. 2009, Immonen and Ritchie 2011). Once microarrays have 
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been developed they provide a robust and quick method with which to survey gene expression, at 

a much reduced cost compared to NGS methods. Here I will discuss what I believe we gain from 

the use of NGS methods over that of microarrays.  

 

The transcriptome of a cell or tissue from an organism represents a snap-shot of the genes being 

expressed at a particular point in time. Transcript profiles generated through NGS allow the 

unique opportunity to quantitatively query the transcriptome and ask questions about the genes 

and gene networks being expressed. This is turn allows us to explore the (potentially causal) 

associations among the genes being expressed and a particular phenotype. Microarrays also 

provide a means with which to quantify gene expression within an organism or tissue. A key 

difference between microarrays and NGS techniques, as I will discuss below, is that NGS 

techniques allow for quantitative analysis of gene expression, where as microarrays are limited to 

relative abundance analyses. It has been argued that large portions of the genome may be 

expressed at a basal level leading to “expression noise” that may interfere with the ability to call 

differential expression of genes (Struhl 2007, Marguerat and Bahler 2010). For instance, a study of 

Schizosaccharomyces pombe found that ~94% of genes across the genome appeared to be transcribed 

at any given time, including genes believed to have functional specificity (Wilhelm et al. 2008). 

However, the importance of such ubiquitous gene expression is currently unknown and, in any 

case, many studies have shown detectable transcript expressional differences between samples (for 

instance associated with different phenotypes or experimental treatments), with many exhibiting 

high log-fold changes (see Table 1 for some examples from non-model organisms). These studies 

provide evidence that differences in transcript abundance can not only be detected, but appear to 

be of biological importance in relation to the phenotypes being explored.  
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The development of microarrays 16 years ago (Southern 1996, Lemieux et al. 1998), provided one 

of the first ways with which to quantify genome-wide transcription from an organism. 

Microarrays are glass or thin membrane slides which have a large number of DNA oligonucleotide 

molecules representing known genes from an organism distributed in a regular pattern across 

their surface (Watson et al. 1998). Microarrays work through hybridisation, whereby an mRNA 

molecule binds to the DNA template of the gene it represents (Watson et al. 1998). A particularly 

useful feature of microarrays is that they can be hybridised by a single or two mRNA pools. Using 

different fluorescent tags for each sample means that, for each gene on the microarray, it can be 

determined whether a gene is expressed, and if it is expressed in one or both samples (Watson et 

al. 1998). Relative expression of each gene represented on the microarray can also be determined 

through the intensity of the fluorescent signal from a particular gene spot. Microarrays, however, 

are subject to several constraints in terms of their detection system, which can present a number of 

challenges to the user. Firstly, the expression levels of each gene are determined by the 

fluorescence emitted by each spot (Watson et al. 1998). This only allows for the level of (or change 

in) relative expression of each gene to be determined (Costa et al. 2010). Secondly, microarrays can 

suffer from cross-hybridisation of a single RNA transcript to multiple DNA oligos on the array, as 

well as colour saturation, which in turn can lead to misinterpretation of the relative abundance of 

specific transcript levels (Simon et al. 2009). Thirdly, rare alleles or genes with low expression may 

also be difficult or impossible to identify with this detection system (Simon et al. 2009, Costa et al. 

2010). Finally, users of microarrays are limited to the genes represented on the slide, so there can 

be no detection of novel genes, novel alternative splicing sites or fusion or aberrant transcripts 

(Marioni et al. 2008, Simon et al. 2009, Costa et al. 2010). Microarrays then are limited by their 

power of detection and to the genes present on each slide.  
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Table 1.  A growing number of studies of non-model organisms have utilised NGS to investigate transcriptome changes. Here I give details of a selection of these 

studies which have specifically utilised DeepSAGE and RNA-seq methods to investigate differential gene expression occurring between time points, 

developmental stages, organisms and in response to different environmental factors and immune challenges.  

Author Year Species Study Sequencing type 

Mu et al.  2010 Large yellow croaker Transcriptome changes upon Aeromonas hydrophila infection DeepSAGE 

Gilardoni et al.  2010 Nicotinana attenata Transcriptome response to Manduca sexta attack DeepSAGE 

Wang et al.  2010 Cotton Early development mutants DeepSAGE 

Yu et al.  2011 Aspergillus flavus Effect of temperature on mycotoxin biosynthesis RNAseq 

Burke et al.   2011 Pea aphid Transcriptome changes in response to facultative symbiont infection RNAseq 

Zhou et al.  2011 Brassica napus Alternative splicing differences following allopolyploidy Sanger sequencing 

Flaherty et al. 2011 
Anabaena sp. strain PCC 

7120 
Transcriptome response to nitrogen deprivation RNAseq 

Santure et al.  2011 Great tit Identification of tissue specific transcription patterns 454 sequencing 

Zhao et al.   2011 
Lantang and  Landrace 

Pigs 
Transcriptome differences between pig breeds DeepSAGE 

Ryu et al.  2011 Acropora millepora Transcription factors remain conserved across eumetazoan species 454 sequencing 

Molina et al.  2011 Cicer arietinum L. Transcriptome changes in chickpea roots in response to salt-stress DeepSAGE 

Eaton et al.  2011 Lolium perenne 
Transcriptome changes between wild-type and mutant host 
associations with fungal symbiont Epichloe festucae 

RNAseq 

Basu et al.  2011 Cow Transcriptome changes in medulla tissues in response to  BSE DeepSAGE 

Woody et al.  2011 soybean 
Gene expression shows link with genomic structure across 14 tissue 
types 

DeepSAGE 
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Author Year Species Study Sequencing type 

Li et al. 2011 Maize Transcriptome changes induced by brace root formation DeepSAGE 

Chen et al.   2010 Schistocerca gregaria 
Transcriptome changes between locust phases (solitary and 
gregarious) 

RNAseq 

Eaton et al.  2010 Lolium perenne 
Transcriptome changes associated with switch of Epichloe festucae 
from mutalist symbiont to pathogen 

RNAseq 

Wang et al.  2010 White fly Transcriptome changes associated with development DeepSAGE 

Babik et al.  2010 Myodes glareolus Transcriptome differences of the heart between voles and mice 454 sequencing 

Pandey et al. (b)  2008 Nicotinana attenata 
Characterised the smRNA transcriptome in response to insect 
herbivores in WT and RdR1 silenced plants 

454 sequencing 

Pandey et al. (a)  2008 Nicotinana attenata 
Characterised the smRNA transcriptome in response to competitive 
growth in WT and RdR3 silenced plants 

454 sequencing 

Hamada et al.  2008 Capsicum chinense 
Transcriptome changes early in the L(3)-mediated resistance against a 
tobamovirus 

DeepSAGE 

Wei et al.  2009 Locusta migratoria 
Characterisation of the smRNA transcriptome between two phases 
(solitary and gregarious) 

Illumina sequencing 

Wu et al.  2010 Cucumber 
Transcriptome changes between a gynoecious mutant and WT plant to 
investigate sex determination 

Illumina sequencing 

Zenoni et al.  2010 Vitis vinifera Transcriptome responses to berry formation RNAseq 

Cantacessi et al.  2010 Haemonchus contortus Transcriptome changes in L3 larvae to CO2 exposure 454 sequencing 

Wu et al.  2010 Vitis amurensis Transcriptome response to mildew infection of leaves DeepSAGE 

Yamaguchi et al.  2010 Solanum torvum Transcriptome response to cadmium stress in roots DeepSAGE 

Zhang et al. 2011 Manduca sexta 
Transcriptome response to microorganism infection in fat body and 
hemocytes 

RNAseq 



  Chapter 2: Application of NGS in Nasonia 

Rebekah Watt PhD Thesis Page | 65 
 

In contrast to microarrays, NGS transcriptomics studies are able to produce qualitative and 

quantitative information on expression within a sample. Already a variety of studies have 

successfully utilised NGS techniques for the analysis of differential gene expression (DGE) in non-

model organisms (Table 1). These studies have highlighted several important advantages for the 

use of NGS over other expression analysis techniques. Firstly, NGS allows for the comparison of 

actual transcript counts between samples rather than relative abundance estimates, subject to 

cross-hybridisation distortion, as seen in microarrays. Secondly, such NGS expression studies can 

contribute to the future annotation of an organism’s genome, and help to verify gene models 

predicted through annotation programs (Jiang and Wong 2008, Li et al. 2008, Homer et al. 2009, 

Pritchard et al. 2009). Such studies can also help in processes such as cDNA cloning and protein 

identification (Costa et al. 2010). Another benefit of NGS expression studies, specifically when 

using RNA-seq methods, is in the identification of alternative splicing, and fusion or aberrant 

transcripts (Marioni et al. 2008, Costa et al. 2010). Finally, alteration of the NGS methodology allow 

for the quantification of expression of so-called “small RNA” transcriptome differences (Costa et 

al. 2010; see also Table 1). Small RNAs are abundant across many genomes and comprise many 

important functional elements such as microRNAs and siRNAs.  Understanding how the 

expression patterns of this subgroup of RNA transcripts are regulated may provide further 

insights into the control of gene expression and the translation of such transcripts into proteins 

(Pandey et al. 2008a, Pandey et al. 2008b, Wei et al. 2009). 

 

For studies considering non-model organisms, the prospect of carrying out genome analysis in the 

absence of a sequenced genome is both daunting and challenging. However, whilst transcriptome 

studies may lack the ability to provide important information on every aspect of genome structure, 

they do allow questions of gene expression in relation to a phenotype of interest to be addressed, 
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without the expense, time and expertise required to generate whole genome sequences. That said, 

an important part of transcriptome analysis is the alignment of the short read sequences 

(Marguerat and Bahler 2010). This allows the number of times a read for a transcript appears 

within a library to be quantitatively counted. Fortunately, even without a genome this can now be 

achieved, for instance through alignment of sequences to a closely related species genome (if 

available) or through de-novo assembly of the transcriptome using short read sequence aligners 

(Jiang and Wong 2008, Li et al. 2008, Homer et al. 2009, Pritchard et al. 2009). In this way NGS 

methods such as DeepSAGE and RNAseq allow scientists studying non-model organisms to gain a 

greater depth of understanding of the gene expression and gene regulation associated with certain 

phenotypes, and allows them do to so without a need for any a priori knowledge of their species 

genome, providing several advantages over existing microarrays and indeed over creating them in 

the first place.  

 

Whilst transcripts need to be aligned in order to determine accurately the number of times a gene 

is expressed in a sample, a genome is not required for downstream analysis. Indeed perhaps the 

most prevalent DGE method of RNA-seq provides sequence information which can be used in 

BLAST searches to identify similar sequences in order to assign functionality to differentially 

expressed transcripts. However, a genome does allow for the easier characterisation of transcript 

reads to known annotated/predicted genes as well as potential functional transcriptional units 

such as small RNAs. Methodologically, it perhaps goes without saying that in all cases distinct 

tissues or sampling time points should be used for pair- or multi-wise comparisons in order to 

avoid difficulties in detecting gene expression changes due to masking effects of combined tissue 

and time-point variation in gene expression, as seen in (Zhang et al. 2011). Several different 

sequencing platforms exist with which to query both the genome and transcriptome. Below I 
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discuss the next generation sequencing technologies commercially available and our choice of the 

Illumina platform for the sequencing analysis of this project. 

 

2.2   Next generation sequencing technologies 

In 1953, James Watson and Francis Crick released their model of the structure of DNA 

(deoxyribonucleic acid: Watson and Crick 1953). This molecule carries all the genetic information 

of an individual in the form of coding genes (RNA and protein genes) and non-coding regions 

(some of which also bear functional properties). Their discovery of the double helical structure of 

DNA, along with the identification of its mode of replication by Matthew Meselson and Franklin 

Stahl (1958), and the resolution of the link between genes and proteins (Crick et al. 1961, Cohen 

1962, Nirenberg et al. 1963), revolutionized the way biologists think about and investigate the 

relationship between genes and phenotypes, and how they may have evolved over time. 

 

This pioneering work into the structure and function of DNA led to a surge of studies aiming to 

develop means with which to identify and study the sequences of genes and their genomes. In 

1964 Robert Holley and colleagues became the first to deduce the nucleotide sequence of a gene 

(the alanine transfer RNA (tRNA), Holley 1964), and by 1977 several methods had become 

available to identify the order of bases along the length of a DNA strand. Frederick Sanger and 

colleagues developed the first practical sequencing technology (Sanger et al. 1977), revolutionising 

the future of genetics and realising the opportunity for genomic studies (Figure 1). Sanger 

sequencing, as it became known, utilises gel electrophoresis to determine the order of bases in a 

string of DNA (Sanger et al. 1977). This method of sequencing relies on chain termination through 
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the addition of di-deoxynucleotides (ddNTPs), and by 1989 had become fully automated (Martin 

et al. 1985, Toneguzzo et al. 1989). During the Sanger sequencing process short oligonucleotide 

primers attached to DNA templates are extended by DNA polymerase. ddNTPs inhibit the further 

addition of bases to the DNA string, thus producing a series of fragments terminated at different 

positions along the string (Sanger et al. 1977). The original method required that a different ddNTP 

(A, T, G, and C) was added to 4 parallel reactions which were run alongside each other on an 

electrophoresis gel, from which the sequence could be read. More recently fluorescent-dye-tagged 

ddNTPs are used in a singular reaction and run through capillary tubes filled with a viscous 

polymer. In this updated method, sequences are identified as the size separated fragments pass 

through a laser beam, exciting the fluorescent dye particles, and generating a base specific light 

signal. Whilst Sanger sequencing was not the first sequencing technology, (e.g. plus-minus, Sanger 

and Coulson 1975; partial ribo-substitution, Barnes 1977; partial cleavage, Maxam and Gilbert 

1977), it was the first sequencing technology to report greater accuracy and (relatively) rapid 

sequence generation. The development of Sanger sequencing opened the doors to genome analysis 

and inspired the human genome project initiative in 1986 (Lewin 1987), which formally started in 

1989 (Roberts 1989), leading to a draft genome publication in 2001 (Lander and Consortium 2001), 

followed by the finished sequence of the genome in 2003 (Collins et al. 2004). Sanger sequencing is 

still commercially used, and was recently utilised in the sequencing of Nasonia vitripennis and two 

related sister species Nasonia longicornis and Nasonia giraulti (Werren et al. 2010). Whilst Sanger 

sequencing remains the most accurate form of sequencing, it is also the most expensive (per bp of 

sequence) and time consuming. These high costs per base have led to the development of new, 

cheaper sequencing technologies, often referred to as the next-generation sequencing (NGS) 

technologies.  
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There are several NGS technologies commercially available, the most well known of these being 

454 (Roche), Illumina (formerly Solexa) and SOLiD sequencing (Mardis 2008a, b, Costa et al. 2010, 

Marguerat and Bahler 2010). These technologies differ in their underlying chemistry and the 

length of the sequence read they generate, and have so far been utilised for a variety of projects, 

including: de-novo sequencing (Moore et al. 2006, Wicker et al. 2006); transcriptome analysis 

(Cloonan et al. 2008, Mortazavi et al. 2008, Park et al. 2008, Pauchet et al. 2009); gene discovery 

(Hahn et al. 2009); mutational analysis (Velicer et al. 2006, Sarin et al. 2008, Smith et al. 2008). 

Whilst there are differences between these technologies they all share the same general steps of: 1. 

fragmentation of the DNA; 2. immobilisation of the DNA fragment and amplification; 3. 

determination of the sequence (Hudson 2008). Another massively parallel sequencing technology 

has also recently become available for commercial use from Helicos Biosciences. This sequencing 

platform is able to sequence single molecules of DNA thereby removing the need for PCR 

amplification steps which may induce fragment bias within cDNA libraries. Here I will briefly 

discuss 454 (Roche), SOLiD and Helicos sequencing technologies, outlining the advantages and 

disadvantages of each one, before describing the sequencing process of my chosen sequencing 

platform, Illumina, in section 2.3. 

 

Figure 1. Timeline showing major events leading up to the development and release of the next 

generation sequencing platforms. Photo credits: 1. Photo of the Holley lab taken by Sol Goldberg; 2. 

Image taken from (Holley 1968); 3. Image taken from: 

http://blueline.ucdavis.edu/2ndTier/OrganicModels2.html; 4. Image taken from: (Sanger et al. 1977); 

5. Image taken from: http://users.ugent.be/~avierstr/principles/pcr.html; 6. Image taken from:  

http://www.ornl.gov/sci/techresources/Human_Genome/home.shtml ; 7. Image taken from: 

http://hss.sas.upenn.edu/microbio/devts.html; 8 & 9. Images taken from (Mardis 2008b); 10. Image 

taken from: http://www.illumina.com/technology/sequencing_technology.ilmn; 11. Image taken 

from: http://helicosbio.com. 

 

http://blueline.ucdavis.edu/2ndTier/OrganicModels2.html
http://users.ugent.be/~avierstr/principles/pcr.html
http://www.ornl.gov/sci/techresources/Human_Genome/home.shtml
http://hss.sas.upenn.edu/microbio/devts.html
http://www.illumina.com/technology/sequencing_technology.ilmn
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2.2.1   Roche 454 Sequencing 

454 sequencing provided by Roche life sciences is performed on the genome sequencer (GS) FLX 

system and utilises pyrosequencing technology. This sequencing method starts with the 

conversion of sample mRNA into a cDNA library (Figure 2). This is then fractionated into 

fragments, to which short adapters are attached to both the 5’ and 3’ ends of each single stranded 

sequence fragment. Each unique fragment is then singly attached to a 28µm bead via the 

adapters (Figure 3). Once attached to the bead, emulsion PCR takes place inside water-in-oil 

microreactors, generating up to a million clonal copies of the original fragment, each attached to 

the sequencing bead. The microreactors are then broken releasing the beads – at this point beads 

not covered in DNA fragments are removed. The remaining beads are then transferred to 

picotiter plates for sequence analysis, with one bead per 44µm well. One of the four nucleotide 

bases is then added sequentially across the plates. As complementary nucleotides are added to a 

well there is extension of the template by DNA polymerase. The addition of each nucleotide 

results in the release of a pyrophosphate which induces a light signal mediated by the cleavage 

of oxyluciferin by luciferase. This light signal is equivalent to the number of bases which have 

been incorporated, which is captured by a CCD (charge-coupled device) camera within the 

sequencing machine, and is subsequently converted into the DNA sequence (Mardis 2008a, b). 

Currently this technology can produce reads of up to 1000 bp (700bp average) with over a 

million high quality reads per 10 hour run (http://my454.com/products/technology.asp).  
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plus ncRNAs
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strand sense information 

is lost

Figure 2. The generalised 

procedure for the production of a 

cDNA library from an mRNA 

sample. Firstly a RNA sample, 

containing both polyadenylated 

mRNAs various small and non-

coding RNAs, is purified by the 

poly(A) tails to produce an RNA 

sample only containing true mRNA 

transcripts. These mRNA 

transcripts are then fragmented in 

some manner, e.g. chemical 

fragmentation as implemented by 

Illumina procedures. Next 1st 

strand cDNA is synthesised using a 

reverse transcriptase. This is then 

followed by second strand cDNA 

synthesis, generally using DNA 

polymerase I. At this stage an 

RNase can also be introduced to 

the sample in order to remove any 

remaining RNA from the cDNA 

libraries. Generally RNA-seq 

methods lose strand information, 

however this can be maintained 

through additional steps before or   

after sample fragmentation.  
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Figure 3. Sequencing workflow for Roche’s 454 sequencing platforms. Once genomic or cDNA 

libraries have been fragmented, and adapters have been added to each end of the fragments, they 

are each attached to a bead (A). These beads are covered in over a million of copies of 

oligonucleotides complementary to the adapters attached to the fragmented DNA. The beads are 

then emulsified with the PCR amplification reagents by vortexing water-in-oil mixtures, trapping 

individual beads in microreactors also known as micelles. The emulsion is then amplified in parallel, 

with each bead becoming decorated with millions of copies of the original single stranded attached 

fragment (B). The large number of copies of each fragment attached to each bead will now produce 

sufficient light signal for the addition of nucleotides to be detected by the charge couple device 

(CCD) camera detection system. Individual beads are then loaded onto the Pico TiterPlate (PTP) 

device, where only one bead is able to reside in each well (C). The PTP device is then loaded into the 

454 sequencing instrument for sequencing. Each nucleotide (A, T, G and C) is added one at a time 

across the wells, resulting in the addition of nucleotides complementary to the template fragments 

attached to the beads. The incorporation of each nucleotide is associated with a chemiluminescent 

light signal recorded by the CCD camera (D). 454 sequencing data analysis software is then able to 

convert the signal intensity of each incorporation event at each well position into the read 

sequences. Images taken from: http://my454.com/products/technology.asp. 

 

 

A B

C D



  Chpt2:   Application of NGS in Nasonia 

Rebekah Watt PhD Thesis Page | 74 
 

454 sequencing technology produces the longest reads of all the platforms currently available 

making it best suited for de-novo sequencing of genomes under 400 mega bases 

(http://my454.com/products/technology.asp), and re-sequencing of genomes of any size. 

However, this technology also has some disadvantages, most notably it has a problem 

distinguishing the lengths of homopolymer regions (regions of DNA that contain successive 

instances (>6) of the same nucleotide e.g. CCCCCCC). 454 sequencing determines the DNA 

sequence by the intensity of the light emitted upon base addition, where the addition of two 

nucleotides would release twice as much signal. However, for regions of homopolymer sequence 

above a certain length, 454 is unable to discern how many bases have been incorporated which 

can lead to inaccuracies in the sequence generated (Emrich et al. 2007). Also linked to the 

addition of several bases at once is the phenomenon that fragments will be sequenced out of 

phase with each other as some sequences will be sequenced faster than others (Shendure and Ji 

2008). Another potential problem with this technology is associated with insufficient washing 

out of the previous nucleotide before the addition of the next. This could lead to a light signal 

associated with the addition of three bases of one nucleotide, where it may actually represent the 

incorporation of one or more bases of several nucleotides (Holt and Jones 2008). Even with these 

potential issues 454 sequencing generates the longest read lengths of the three main technologies 

making it a valuable tool for de novo genome assembly. However, 454 sequencing remains the 

most expensive NGST on the market (Shendure and Ji 2008), and as this project is focused on the 

analysis of transcriptome data, specifically, gene expression analyses, Illumina and SOLiD 

sequencing technologies remain better suited for this purpose. 

 

 



  Chpt2:   Application of NGS in Nasonia 

Rebekah Watt PhD Thesis Page | 75 
 

2.2.2   SOLiD sequencing 

SOLiD sequencing provided by Applied Biosystems claims to be the most accurate and have a 

greater capability for technical advancement without having to change the overall system 

(http://www.appliedbiosystems.com/absite/us/en/home/applications-technologies/solid-next-

generation-sequencing.html). These statements are founded on the unique base calling method 

which the SOLiD system supports: dinucleotide encoding. As with 454, SOLiD uses a starting 

library of fragmented genomic or cDNA (it can also use a mate paired library – two sequence 

fragments joined by an adapter). These fragments are attached to 1µm magnetic beads and 

amplified by emulsion PCR (Figure 4). After the PCR step the 3’ ends of the generated fragments 

are covalently modified to enable the attachment of the beads to the sequencing slide. SOLiD’s 

slides have two independent flow cells allowing two experiments to be analysed in one run. The 

variable size of the beads used allows for increasing densities and outputs, which it is argued 

will provide the longevity of this system 

(http://www.appliedbiosystems.com/absite/us/en/home/applications-technologies/solid-next-

generation-sequencing.html) and as bead density increases produce data equivalent to one pixel 

per sequenced fragment (Shendure and Ji 2008). Sequencing of the fragments occurs through 

ligation. In this system octomers are used to query the sequence where the first two bases in each 

octomers interrogate the sequence. The following 3 bases can be any base and the last three are 

associated with a fluorescent tag which corresponds to the dinucleotide the octomer contains. 

Ligation of the octomers to the sequence leads to the cleavage of the last 3 bases and the 

fluorescent tag, producing a light signal interpreted by the system. Ligation in this manner 

continues to the end of the read and sequences every 5th and 6th base (the number of ligations 

indicates the read length). Once this ligation reaction is complete the system is reset by 

denaturation. A new primer is attached to the sequence at position n-1, and the ligation reaction 
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is repeated. This occurs for 5 positions of the primer to allow for complete sequencing of each 

tag. Through this method each base is interrogated twice by ligation of an octomer in two 

separate primer sets. This dual interrogation of bases is responsible for the increased accuracy of 

this system (Mardis 2008a, b) compared to other NGSTs.  

 

Figure 4. a) Applied Biosystems SOLiD ligase-mediated sequencing approach. DNA fragments 

(genomic or cDNA) are firstly attached to 1µm magnetic beads alongside an adapter sequence. After 

an emulsion PCR step similar to that seen in 454 sequencing (Figure X) the beads are deposited onto 

the surface of a flow cell slide. Ligase mediated sequencing is then initiated by annealing a primer to 

the adapter sequences. DNA ligase and 8-mer di-base probes with a corresponding fluorescent tag 

are then provided across the flow cell slide. Each ligation step is followed by detection of the 

fluorescence signal after which the fluorescent tag and three associated bases (the fluor) are cleaved 

from the extending strands ready for the next round of ligation, sequencing every 5th and 6th base. 

This step is repeated for n-cycles dependent on the read length to be generated. At the end of the 

first primer round the sequences are “re-set” through the removal or melting of the extended 

sequence. To the DNA fragments a new primer is attached at position n-1 and the ligation cycles are 

repeated at a 1bp shift. b) SOLiD sequencing is encoded by a two-base colour system. Each 

fluorescent tag on an 8-mer ligated sequence identifies one of 4 two-base combinations. Along with 

the double interrogation of each base in a fragment read sequence, the base-calling system is 

believed to be more accurate and allow for the identification of true polymorphisms and single base 

deletions over sequencing error when aligned to a high quality reference sequence. Figure taken 

from (Mardis 2008b). 
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As with all of these platforms, SOLiD sequencing has some issues to contend with. Firstly the 

large dataset produced is given in colour as opposed to nucleotide sequence (Simon et al. 2009), 

dubbed “colour-space” by Applied Biosystems. These data are currently difficult to analyse 

independently and cannot be interpreted by programs outside of Applied Biosystems repertoire 

(Smith et al. 2008). So although the machine is cheaper to purchase and run than other platforms, 

its application is limited by its data handling and the short read lengths of 25-35bp it produces 

(Shendure and Ji 2008, Simon et al. 2009). 

 

2.2.3   Helicos sequencing 

The newest of the commercially available sequencing technologies, Helicos, utilises a new 

sequencing method of direct sequencing of RNAs. This sequencing method forgoes the need to 

convert RNA samples to cDNA libraries, alleviating cDNA artefacts that can occur because of 

template switching and spurious second strand synthesis (Ozsolak and Milos 2011). In this 

method polyadenylated RNAs are captured on surfaces covered in poly (T) oligonucleotides 

(Figure 5). RNAs that do not already have poly(A) tails can have them added in vitro. Next a so-

called “fill-and-lock” step is carried out; this is where unlabelled T-bases are added across the 

flow cell along with fluorescently labelled A-, C-, and G-bases, which act as virtual terminator 

nucleotides. In this way misalignments between poly(A) and poly(T) regions can be 

compensated for, filling up poly(A) sequences not attached to the poly(T) anchoring 

oligonucleotides. The lock step occurs via the incorporation of a labelled non-A-base more or less 

at the start of the RNA template itself. Following this, an initial imaging step is performed in 

order to identify the location of templates across the sequencing surface. Chemical cleavage then 

occurs removing the fluorescent tag from the strand to be extended freeing it for further 
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nucleotide incorporation. Sequencing of the strand can now occur. Fluorescently labelled bases 

are added sequentially to the flow cell and allowed to anneal, before being imaged. At the end of 

each addition there is a wash step to remove the surplus of the previously added base before 

chemical cleavage of the fluorescent tag, readying the growing extension strand for the addition 

of the next base. Nucleotides are added in the order C, T, A, G for 120 cycles, generating 

fragments lengths of ~30bp (Ozsolak and Milos 2011). Whilst this sequencing method removes 

the need for cDNA library generation and PCR amplification, steps which can induce bias and 

generate cDNA artefacts into the RNA samples, it is as yet unable to compete with the multi-

million read depth generated by the other sequencing platforms and currently produces the 

shortest read sequences. This approach has also yet to employ paired-end approaches which 

increase the ability to align fragments across exon boundaries and repeat regions (Ozsolak and 

Milos 2011). 

 

Figure 5. Helicos single molecule sequencing approach. Firstly polyadenylated RNAs are captured on 

surfaces covered in poly (T) oligonucleotides. Next a fill-and-lock step is carried out; this is where 

unlabelled T-bases are added across the flow cell along with fluorescently labelled A-, C-, and G-

bases, which act as virtual terminator nucleotides. In this way misalignments between poly(A) and 

poly(T) regions can be compensated for, filling up poly(A) sequences not attached to the poly(T) 

anchoring oligonucleotides. The lock step occurs via the incorporation of a labelled non-A-base more 

or less at the start of the RNA template itself. Following this an initial imaging step is performed in 

order to identify the location of templates across the sequencing surface. Chemical cleavage then 

occurs removing the fluorescent tag from the strand to be extended freeing it for further nucleotide 

incorporation. Sequencing of the strand can now occur. Fluorescently labelled bases are added 

sequentially to the flow cell allowed to anneal, and then imaged. At the end of each addition there is 

a wash step to remove the surplus of the previously added base before chemical cleavage of the 

fluorescent tag, readying the growing extension strand for the addition of the next base. Nucleotides 

are added in the order C, T, A, G for 120 cycles, generating fragments lengths of ~30bp. Figure taken 

from (Ozsolak and Milos 2011). 
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2.3   Illumina sequencing, DeepSAGE and RNAseq 

Solexa sequencing on the Illumina platform allows for parallel high density sequencing across 

eight lanes of a flow cell, which can contain millions of fragments from eight (or more if 

barcoded) independent samples (Bentley et al. 2008). The Illumina sequencer platform can take 

cDNA or fragmented genomic DNA to which an adapter has been added to each end. These 

adapters allow the sequences to attach to the planar surface of the flow cell, upon which there 

are many oligos complementary to the adapters. The oligos allow the fragments to form bridges 

over which a PCR reaction, primed from one of the adapters, can take place. This bridging 

method of amplification produces a localised clonal colony of approximately 1000 copies, often 

referred to as the cluster station stage 

(http://illumina.com/technology/sequencing_technology.ilmn , see also figure 6). These 

fragments are then sequenced by synthesis. Illumina’s sequencing method closely resembles that 

of Sanger sequencing. Each of the four bases are reversible terminators and contain a fluorescent 

molecule specific to each nucleotide. Each cycle of the machine results in the addition of one 

base. After the addition of the base, chemical cleavage removes the fluorescent molecule 

producing a detectable light signal and frees the 3’ end for the addition of another base. The read 

length produced by Illumina machines continues to increase, and currently reads of up to 100 bp 

can be achieved (http://illumina.com/technology/solexa_technology.ilmn, (Shendure and Ji 2008, 

Simon et al. 2009)). 

 

One potential problem with this sequencing method is phasing, whereby incomplete cleavage of 

the fluorescent labels from the 3’ end can lead to some fragment sequences falling behind the rest 

of the clonal colony (Shendure and Ji 2008). However, this is not thought to be a major problem 

http://illumina.com/
http://illumina.com/
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and in any case is dealt with in the software through which the sequence is called. The most 

common type of error with llumina sequencing are substitutions, where a higher proportion 

occur when the previously incorporated base is a G (Dohm et al. 2008). It has also been shown in 

genome analyses that Illumina under represents AT-rich and GC-rich regions (Dohm et al. 2008, 

Harismendy et al. 2009), although this is thought to occur due to amplification bias during 

template preparations (Metzker 2010).  

 

 

 

Figure 6. Illumina’s sequencing-by-synthesis approach. (a) Adapters are first ligated to the 

fragmented genomic or cDNA libraries. Single stranded adapter bound fragments are then attached 

to the surface of a flow cell via a dense lawn of primers. Once attached to the flow cell cluster 

generation can occur via bridge amplification of fragments. Denaturing of the double stranded 

molecules leads to large numbers of tightly clustered clonal colonies of single stranded fragments 

attached to the surface of the flow cell. These clonal fragment sequences, when sequenced 

simultaneously, produce a detectable fluorescence signal. (b)The clustered fragment sequences are 

extended by one nucleotide at a time. Following nucleotide incorporation the unused nucleotides 

and DNA polymerase are washed away, a scan buffer is then added and the lanes of the flow cell are 

scanned for fluorescence in imaging units called tiles. Once the imaging step has been completed the 

fluorescent tag and blocking 3’OH groups are removed through chemical cleavage, freeing up the 3’ 

end for the addition of another nucleotide. The final sequence is read of multiple sequencing cycles. 

Figure taken from (Mardis 2008b).  
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Whilst all of these systems claim advantages and disadvantages over one another, they are each 

more suited to different types of application; for instance 454 for de-novo and re-sequencing, 

Illumina for transcriptome analysis (see below), mutational analysis and re-sequencing, SOLiD 

for mutational analysis and re-sequencing, and Helicos for mutational analysis and re-

sequencing. However, a recent study by Smith et al (2008) comparing the platforms (bar Helicos) 

for their ability to detect SNP mutations in the yeast, Pichia stipitis, showed that they equally 

identified the same 14 SNPs. Considering the advantages and disadvantages of each system, the 

ability to produce large amounts of quantitative count data and the resources available at the 

University of Edinburgh, we decided to use the Illumina platform, described below, for the 

deepSAGE and RNAseq transcriptomic analyses of this PhD project. 
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In the work that follows, I first utilised the NGS method of DeepSAGE (deep sequencing for 

serial analysis of gene expression), also known as tag-seq (Morrissy et al. 2010), to analyse gene 

expression changes between my samples (Costa et al. 2010); Chapter 4). In this method short, 

unique 21bp tags are generated from each mRNA in the sample and, after alignment to the 

genome, used to generate counts representing the level of expression for each tag-sequence and 

the mRNA (and ultimately gene) it represents. Libraries for DeepSAGE analysis are produced as 

follows (Figure 7). Firstly, mRNA molecules are captured through the binding of their polyA 

tails to oligo-dT-magnetic beads. Double-stranded cDNA is then synthesised by DNA 

polymerase I, so as to be covalently attached to the bead through the polyA tail, and then cleaved 

using NlaIII (which has a 4bp recognition site and will cut on average every 256 bp (44)). 

Unbound cleaved fragments are then washed from the sample, leaving the 3'-most NlaIII site of 

each mRNA bound to the beads. An adapter containing a MmeI recognition site is then ligated to 

the NlaIII cut-site overhang. MmeI is a type II restriction enzyme that cuts at a distance from its 

recognition site. MmeI digestion frees a fragment from the bound 3' ends consisting of the 

adapter, the MmeI site, and the 21 bases downstream including the NlaIII site. These fragments 

are ligated to a second adapter and processed for sequencing on the Illumina platform as 

described above. The resulting 21 base sequence tags uniquely identify the vast majority of 

mRNAs, and the depth of sequencing provided by next-generation platforms (generating 

millions of reads per sample) allows for quantitative estimation of expression of each mRNA 

(http://illumina.com). The data produced by this method allows us to quantitatively count the 

number of each transcript within a sample. 

 

 

 

http://illumina.com/
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Figure 7. DeepSAGE sequencing on the Illumina platform. mRNA is firstly captured through the 

binding of poly(A) tails to oligod(T)-derivatised magnetic beads. Double stranded cDNA is 

synthesised so as to be covalently attached to the bead through the poly(A), and then cleaved using 

NlaIII (which cuts approximately every 256 bp). Unbound cleaved fragments are washed from the 

sample, leaving the 3'-most NlaIII site of each mRNA bound to the beads. An adapter containing a 

MmeI recognition site is ligated to the NlaIII cut-site overhang. MmeI is a type II restriction enzyme 

that cuts at a distance from its recognition site. MmeI digestion frees a fragment from the bound 3' 

ends consisting of the adapter, the MmeI site, and 21 bases downstream including the NlaIII site. 

These fragments are ligated to a second adapter and processed for sequencing on the Illumina 

platform. 
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RNA-seq transcriptome analysis utilises different chemistry for the production of sample 

libraries from DeepSAGE, but essentially produces the same data output, whereby the 

abundance of gene transcripts within a tissue at a specific point in time can be identified (Costa 

et al. 2010). The work detailed in Chapter 5 uses a paired-end RNA-seq approach. Briefly, mRNA 

molecules containing a polyA tail are purified from the total RNA solution using polyT oligos 

attached to magnetic beads (Figure 8). Following purification, the mRNA is chemically 

fragmented (e.g. using a proprietary solution from Illumina in my current work). During 

fragmentation, the mRNAs are broken down into small pieces using divalent cations at elevated 

temperatures. This fragmentation procedure generally produces fragment lengths of between 

120bp and 200bp in length with a median size of ~150bp. Larger fragment sizes up to 350 bp 

(median 200bp) can be achieved by manipulating the fragmentation time or by shearing the 

samples after cDNA synthesis. RNA fragments are then copied into first strand cDNA using a 

reverse transcriptase and random primers. This is followed by the synthesis of the second cDNA 

strand with DNA polymerase I and an RNase (to remove remaining RNA fragments) producing 

double stranded cDNA fragments. A process of end repair is then performed on the cDNA 

fragments. Here blunt ends are generated by removing 3’ overhangs though exonuclease activity 

and filling in 5’ overhangs through polymerase activity. To these blunt ended cDNA fragments a 

single ‘A’ base is added to the 3’ end; this makes the fragments compatible with adapters (which 

contain a single ‘T’ base 3’ overhang) and prevents ligation of the cDNA fragments to one 

another in solution. This step ensures a low rate of chimera formation, or concatenated strings of 

cDNA fragments. For paired-end libraries, as utilised in Chapter 5, two sets of adapters are used 

containing two different primer starting sites, with one adapter type being added to each end of 

the fragment (Figure 8). The cDNA solution is then further purified in order to ensure that the 

cDNA fragments have an adapter at both ends. The final step in library production for RNAseq 

is PCR, allowing for sample enrichment. PCR cycles are minimized however, in order to avoid 
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skewing the transcript representation of the library. A final validation step of the library is 

performed in order to assess the size and purity of the sample library to ensure optimum cluster 

densities will be formed across every lane of every flow cell. Samples are then sequenced, from a 

working dilution of 10nM, on the Illumina platform as described above, with sequencing 

occurring from each of the primer start sites sequentially.  

 

 

 

Figure 8. Paired end RNA-seq on the Illumina platform. Libraries are formed by firstly purifying 

mRNA molecules containing a polyA tails from the total RNA solution using polyT oligos attached to 

magnetic beads. Following purification, the mRNA is chemically fragmented. Fragmentation 

produced fragment lengths of between 120bp and 200bp. RNA fragments are then copied into first 

strand and second strand cDNA using a reverse transcriptase and random primers producing double 

stranded cDNA fragments.  A process of end repair is then preformed; here blunt ends are generated 

by removing 3’ overhangs though exonuclease activity and filling in 5’ overhangs through 

polymerase activity. To these blunt ended cDNA fragments a single ‘A’ base is added to the 3’ end; 

this makes the fragments compatible with adapters and prevents ligation of the cDNA fragments to 

one another in solution. For paired-end libraries, two sets of adapters are used containing two 

different primer starting sites, with one adapter type being added to each end of the fragment. The 

cDNA solution is then further purified in order to ensure that the cDNA fragments have an adapter 

at both ends. Samples are then sequenced on the Illumina platform. 
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DeepSAGE and RNA-seq methods both produce comparable expression data, as shown by 

Morrissy et al (2009). In this study, they were able to detect 96.2% of the same transcripts with a 

high correlation coefficient (0.967) between the two techniques when comparing libraries 

generated from the same RNA source (Morrissy et al. 2009). Since at the beginning of this current 

project DeepSAGE was considerably cheaper than RNA-seq (Cullum et al. 2011) and was able to 

retain strand sense (i.e. sense 5’-3’ or antisense 3’-5’) information, this method best suited my 

initial study of differential gene expression (DGE) in N. vitripennis. However, with the continued 

development of RNA-seq and the increases in achievable sequencing depth of the Illumina 

platform it became possible to take advantage of RNA-seq for my second transcriptomics 

experiment. Whilst the two methods are comparable, DeepSAGE is only able to detect transcripts 

which contain an NlaIII restriction enzyme site, and can only detect multiple tags for a particular 

transcript if it contains multiple NlaIII cut sites. As many RNA-seq methods rely on chemical 

fragmentation, it is capable of capturing several fragments from each transcript, increasing the 

ability to detect a full transcriptional profile, and providing more information in terms of exons 

(and exon boundaries) when several fragments map to different regions of the same gene. 

Although RNA-seq is generally unable to provide strand sense information for transcripts, 

manipulation of the RNA during library preparation can restore this information (Marguerat and 

Bahler 2010, Ozsolak and Milos 2011). Further to this, paired-end RNA-seq can also be used to 

provide information on alternative splicing (by providing coverage across exon boundaries) and 

the formation of fusion or aberrant transcripts (Marguerat and Bahler 2010, Cullum et al. 2011). 

Paired-end reads can also aid in reducing the uncertainty of assigning reads to alternative splice 

variants (Trapnell et al. 2010). In this way RNA-seq is capable of providing much more 

information about transcripts in addition to the quantitative count of the number of a particular 

transcript within a sample.  
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In the rest of this thesis, I use two forms of NGS transcriptome analysis, DeepSAGE and RNA-

seq, on the Illumina platform, to explore the genetics of post-mating behavioural changes in 

female Nasonia wasps. Whilst the chemistry of each of these techniques differs slightly, both 

generate “digital” count data for each tag identified during sequencing. First though, I describe 

an experiment to explore how male courtship behaviour and copulation influences female 

receptivity, one of the key post-mating changes in behaviour in female Nasonia.  
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 3.0   Abstract 

Following mating, females of many insect species show a loss of receptivity to further matings. 

Whilst loss of receptivity in some species is mediated by the transfer of sperm or accessory gland 

proteins in the seminal fluid, other species show loss of receptivity without the presence of an 

ejaculate. Females of the parasitoid wasp Nasonia vitripennis alter aspects of their behaviour 

including receptivity as a result of male courtship both before and after insemination. Previous 

work has indicated that females become unreceptive following two bouts of male courtship, 

regardless of the presence or absence of insemination. Here we explore the extent to which male 

pre- and post-copulatory courtship varies across nine iso-female lines, and how variation in male 

courtship is associated with female receptivity 24 hours after an initial mating. Whilst we found 

variation in female polyandry, we found no evidence for variation in various courtship 

component durations across the nine stains tested here.  We also identified that females which 

were less likely to mate in trial two had received significantly longer durations of pre-copulatory 

courtship in trial one and trial two. We suggest that increased durations in pre-copulatory 

courtship are seen in females which are generally less receptive and therefore less likely to re-

mate. Males also appear to be able to identify female mating state, taking longer to mount mated 
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than virgin females. Our data suggest that variation in post-copulatory courtship duration is not 

associated with variation in female receptivity though, suggesting that whilst such courtship is 

necessary to preclude female receptivity to further matings, post-copulatory duration may be 

less important than presence versus absence of the behaviour. We discuss our results in the light 

of possible mechanisms of post-mating behavioural changes in female Nasonia vitripennis. 

      

3.1   Introduction 

Sexual conflict between males and females of a species arises as their evolutionary interests in 

reproductive decisions diverge. One aspect of mating over which conflict can arise is the control 

of paternity of a female’s brood.  Parker (1970) first recognised that competition by males for 

paternity of female broods can continue after mating if the presence of sperm from two or more 

males is present within the female reproductive tract. In this way sperm competition becomes an 

extension of the Darwinian principle of sexual selection (Danielsson 1998). Many male strategies 

to avoid sperm competition have evolved, including mechanisms for the prevention of female 

polyandry.  Such mechanisms include mating plugs, which are formed by the coagulation of 

male ejaculates in the female reproductive tract, providing a physical barrier to rival male sperm 

(Giglioli and Mason 1966, Baer et al. 2001, Lung and Wolfner 2001), mate guarding, reviewed by 

Alcock (1994) and the induction of female receptivity loss.  

 

Females of many insect species show loss of receptivity to males post-mating, limiting the extent 

of female polyandry (van den Assem and Visser 1976, Ringo 1996, Kubli 2003, Wedell 2005). As 

well as undergoing a loss of receptivity, females also exhibit other post-mating changes to traits 

including physiological changes such as: increased oviposition (Soller et al. 1999, 2008); 
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activation (Domanitskaya et al. 2007) or suppression (Rolff and Siva-Jothy 2002) of the immune 

system; and decreased attractiveness to males (Tram and Wolfner 1998, King and Fischer 2005). 

Such physiological changes are associated with behavioural changes as females move from mate 

searching (and mate choice) behaviours, to post-mating behaviours associated with aspects of 

reproduction, such as, the location of food and egg laying sites (including increased flightiness, 

King 1993 and avoidance of males, Wiklund 1982). These behavioural changes in turn influence 

the mating system of the species, removing mated females from the mating pool either 

temporarily or permanently through dispersal, mate guarding or the induction of female 

receptivity loss. This in turn can influence the patterns of sexual selection on males and females 

of a species. 

 

Female loss of receptivity and attractiveness to males leads to females which generally only mate 

once or a few times. Single mating events may not necessarily optimise female fitness in insects, 

with additional matings increasing reproductive success; however, high re-mating rates can 

negate any reproductive fitness gains (Arnqvist and Nilsson 2000). Intermediate female mating 

rates may well be optimal, and can lead to sexual conflict when males drive female mating rates 

above this optimum (Arnqvist and Nilsson 2000). Mating once may be advantageous if a female 

can acquire all the sperm required to fertilise her eggs in one copulation, due to costs of 

additional matings (Chapman et al. 1995, Kawagoe et al. 2001, Orsetti and Rutowski 2003, 

Shuker et al. 2006a).  Female unwillingness to re-mate can either be as a result of female 

avoidance of these costs of mating (Sakurai 1996), or a male induced effect to protect the 

paternity of the female’s subsequent offspring. An example of such male paternity protecting 

behaviour is mate-guarding (as reviewed in Alcock 1994). For instance, in the black field cricket, 

Teleogryllus commodus, females may remove the spermatophore of unattractive males soon after 
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mating. By mate-guarding the female, males inhibit her ability to remove the spermatophore, 

increasing the amount of sperm transferred to the female. This behaviour appears to have 

evolved to counter-act female choosiness (Bussiere et al. 2006) and ensures male paternity of 

female broods. However, male paternity protection is not always so obvious. 

 

The mechanisms by which male induced post-copulatory behavioural changes occur in the 

females are still not fully understood, and often focus on the effect of male derived proteins and 

pheromones (Leopold et al. 1971, Hiss and Fuchs 1972, Fan et al. 1999, Kubli 2003, Wedell 2005, 

Himuro and Fujisaki 2008, Yamane et al. 2008). One species in which a lot of work has been 

done elucidating these pathways is the fruit fly Drosophila melanogaster, where it has been shown 

that a male accessory gland protein, known as sex peptide, can induce loss of receptivity when 

transferred to the female during copulation (for review see Kubli 2003). However, for several 

species courtship and not copulation (specifically post-copulatory courtship) appears to be the 

most important aspect of mating behaviour in the elicitation of female receptivity loss (N. 

vitripennis (Pteromalidae), van den Assem and Visser 1976, van den Assem and Jachmann 1999; 

Aphytis lingnanensis (Aphelinidae), Gordh and Debach 1978; Centris pallida (Apidae), Alcock and 

Buchmann 1985; Aphytis melinus (Aphelinidae), Allen et al. 1994; Spalangia endius (Pteromalidae), 

King and Fischer 2005; Anastrepha suspensa (Tephritidae), Lentz et al. 2009). Post-copulatory 

courtship has more commonly been studied in relation to its influence over sperm use as part of 

“cryptic female choice” (Eberhard and Cordero 1995), and may also play a role in mate guarding 

increasing male paternity by inhibiting further copulation with other males. 
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Although N. vitripennis are mostly monandrous in the wild (Grillenberger et al. 2008), conditions 

of the laboratory rearing environment have led to the evolution of polyandrous (multiple-

mating) behaviour in culture (Burton-Chellew et al. 2007, Shuker et al. 2007a). In addition, there 

is some limited evidence that  females may occasionally multiply mate in the wild: a study by 

Grillenberger et al (2008) revealed that ~4% of females in a wild population had mated multiply, 

however it was also noted that this could have been an artifact of highly related individuals 

parasitizing the same natal patch (Grillenberger et al. 2008). Female receptivity also appears to 

be associated with the female rather than driven by the male. Burton-Chellew (2007) identified 

that males from a low polyandry line were no more effective at reducing female receptivity than 

males from a high polyandry line, indicating that female re-mating rates are dependent upon 

female genotype. Our iso-female lab stains of N. vitripennis show average re-mating rates of 

55.5% (see below), and can be used to investigate the effects of male courtship on female 

receptivity state, in a generally monandrous species. 

 

Exploring variation in courtship behaviours associated with female receptivity will allow us to 

gain greater insights into the mechanisms of control both in terms of the underlying genetic 

networks and in terms of the influence of phenotypic variation, even though our current 

understanding of the genetic basis of copulation driven traits in N. vitripennis remains limited. 

By better understanding the outcome associated with post-mating behaviours we may better 

understand the mechanisms underlying changes to females following mating. Here we studied 

how components of courtship display and copulation influence female re-mating rates after 24 

hours across nine iso-female lines. 
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3.2   Materials and Methods 

Study species 

For this study we used Nasonia vitripennis (Hymenoptera: Pteromalidae), a gregarious parasitoid 

of large dipteran pupae such as the Calliphoridae and Sarcophagidae. Our stock lines were 

reared on Calliphora vicina pupae in 25°C incubators, with a 16L: 8D cycle throughout. We used 

nine iso-female lines of N. vitripennis collected from Cornell, NY by Professor Leo Beukeboom in 

2007: COR3, 8, 12, 18, 19, 22, 23, 24 and 28. These nine Cornell iso-female lines were randomly 

chosen from a larger set collected from that population. The experiment was performed in five 

blocks, using lab-generation numbers 24, 28 and 30. Lab evolved polyandrous behaviour has 

been shown to occur in N. vitripennis. Synchronous rearing of the females used for 

experimentation should allow for equivalent rates of polyandry to occur across the iso-female 

lines. Therefore within in each block, all wasps had experienced the same number of lab 

generations, irrespective of line, controlling for the levels of polyandry between the lines. 

 

Courtship behaviour 

N. vitripennis courtship and mating behaviour has been described previously (Barrass 1961, 

Whiting 1967, van den Assem et al. 1980b, van den Assem and Beukeboom 2004a), and consists 

of three well defined components. A male will first approach a female and mount on to her back, 

orienting himself above her head. Once in this position the male will engage in pre-copulatory 

courtship, consisting of a series of species-specific head nod bouts. The first nod in every bout is 

associated with the release of pheromones from the mandibular glands and is thought to induce 

female receptivity (van den Assem et al. 1980b). Females signal their receptivity to the male by 

lowering their antennae and arching their abdomen to expose their genital pore. Upon this 
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signal, the male will complete his current head nod bout before backing up to copulate with the 

female. After copulation the male will return to his original position above the female’s head and 

engage in a short bout of post-copulatory courtship before dismounting. 

 

Pre-treatment 

We took females that had spent two days after adult eclosion mating in a stock tube, and isolated 

each female in a 75x10mm glass tube with cotton wool bung. In order to try and standardise any 

maternal or host effects, the isolated females were given a single host for 24 hours, upon which 

to feed in order to gain protein to mature their eggs (Rivero and West 2005). The host was 

replaced with a small piece of filter paper soaked in honey-water for the following 24 hours. We 

then gave the females one host to oviposit on for six hours. The female was then removed from 

the tube and parasitised hosts were incubated for ten days. The resulting offspring would form 

the experimental animals. 

 

Ten days after oviposition, we opened the hosts and removed the wasp pupae, placing male and 

female pupae into individual 75x10mm glass tubes (pupae are easily sexed by the presence of the 

ovipositor and differences between the sexes in the size of the developing wing-buds). This 

ensured that all wasps used during experimentation were virgin. The sexed wasp pupae were 

returned to the incubator and kept at 25°C allowing them to eclose as adults four days later. All 

wasps were moved between vials without anaesthesia. 
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Behavioural Observations 

256 females were tested over five blocks, by three experimenters (RW, AMM, and TJP). Each 

experimenter had a random sub-sample of the wasps for testing that trial day. Female wasps 

were observed by the same experimenter on trail day one and trail day two of testing. Wasps 

were given one hour on the lab bench to acclimatise before testing. Pairs were set up such that 

one-day-old virgin females were paired with a one-day-old virgin non-brother male from the 

same iso-female line. We observed male and female pairs in 75x10mm glass tubes under a 

dissecting microscope at x20. A clean glass tube and cotton wool bung was used for each trial. 

Each pair was observed until the male had fully courted (both pre- and post-copulatory 

courtship) and copulated with the female and had dismounted, or until ten minutes had passed. 

The time was noted when a male was introduced into the tube with a female and the time taken 

at the following events: when courtship began – male has mounted the female; when copulation 

began – the time of genital contact; when post-copulatory courtship began – the time at which 

the male had re-oriented himself above the females head; the time at which the male dismounted 

the female. If courtship was on-going at the end of the ten minutes, the pair was observed until 

the male dismounted. Repeated bouts of courtship not resulting in copulation were allowed and 

recorded. 

 

Females that mated on day 1 were tested with another male 24 hours later. The second male was 

a two-day-old virgin male that was neither the brother of the female nor her previous mate. We 

carried out the same observation protocol as on day one. 
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Of the 256 females tested during experimentation, only 200 were included in the analysis. Nine 

females died between trial one and trial two. A further eighteen females failed to mate during 

trial one (13 were courted but did not signal their receptivity for mating and five were not 

courted by a male within the ten minute observation period) giving a notional virgin receptivity 

of 94.92%, this virgin female acceptance rate is in agreement with Shuker et al. (2007a) which 

observed virgin acceptance rates of 96.7%. During trial two, two females were injured on 

transference to the observation tube. The remaining 27 females were not courted by a male 

during the ten minute observation period of trial two. The number of females from each iso-

female line included in the analysis is shown in Table 1, ranging from 9-36 females (average = 

22.22 ± 7.71 (Maximum = 36)).  

 

Table 1: Numbers of females from each of the nine Cornell iso-
female lines included in the analysis of courtship durations and 
their association with female polyandry. 

Cornell 

 iso-female line 
Number of females 

3 26 
8 23 

12 28 
18 23 
19 36 
22 9 
23 20 
24 15 
28 20 

Total 200 

 

Statistical analysis  

The behavioural observations described above allowed us to calculate the following traits of 

interest across both trials: latency to mount; duration of pre-copulatory courtship; number of 
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pre-copulatory courtship bouts; duration of copulation; post-copulatory courtship duration, and 

the proportion of females that were polyandrous. All durations are presented ± the standard 

error. During the second trial, males often repeatedly mounted, courted and dismounted 

females, without the females signalling their receptivity. Instead, females would often signal 

their receptivity after receiving more than one courtship bout. As a result of this, pre-copulatory 

courtship measures for trial two are pooled into a “total pre-copulatory courtship” measure. 

 

We first investigated whether any of the courtship component durations varied across the two 

trials, where trial one females were virgin, and trial two females had mated 24 hours previously. 

We used data collected for all 200 females for the analysis of latency to mount, pre-copulatory 

courtship duration and the number of pre-copulatory courtship bouts. The courtship component 

of latency to mount was analysed using a linear mixed effects model (LME) fitted using 

maximum likelihood (ML) methods, after a square root transformation in order to achieve 

normal distribution of the data. The fixed effects of trial (one or two) and whether or not a female 

re-mated in the second trial were included in the model along with the nested random effects of 

female (n=200) within experimenter (n=3) within iso-female nine (n=9) within block (n=4). The 

same model was also used for of pre-copulatory courtship duration; however a natural log 

transformation of the data was used. Likelihood ratio tests were used, comparing a full model to 

a model with the term of interest removed in order to determine the significance of the removed 

term. Finally the full model was fitted using restricted maximum likelihood methods (REML) in 

order to report parameter estimates. To determine if pre-copulatory courtship bout number 

varied across trials we used a general linear mixed effects model with a Poisson distribution, 

with the same fixed and random effects as with latency to mount and pre-copulatory courtship 

duration models. The significance of the model terms were determined by performing a Chi 
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Square (χ2) test on the deviance change between the full model and a model with a term of 

interest removed. 

 

In order to determine whether trials differed in terms of copulation duration and post-

copulatory courtship we only considered the 111 females which mated on both trial days. Prior 

to analysis copulation durations underwent a square-root transformation and post-copulatory 

courtship durations a natural log transformation. As before, duration differences were analysed 

using an LME with ML methods. The fixed effect of trial was included in these analyses along 

with random effects nested as above. The significance of terms of interest and parameter 

estimates were calculated using likelihood ratio tests and REML methods as above. 

 

To determine the influence of iso-female line on variation in courtship component durations we 

firstly fitted models considering only the fully nested random effects of female within 

experimenter within strain within block to each courtship component using the transformations 

and data sets as described above. A second set of models were then generated where a new 

factor termed strain-block was created generating a new factor level for each strain-block 

combination (n=36), this allowed us to test the effect of strain without pseudoreplication. Fully 

nested models were then compared to models containing the new factor strain-block using 

likelihood ratio and Chi Square tests.  

 

In order to investigate whether any of the courtship components were significantly associated 

with female re-mating in trial two, we modelled this binomial trait with a generalised linear 

mixed effects model. As with previous models we used fully nested random effects of female 
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within experimenter within strain within block as well as the fixed effects of: latency to mount; 

pre-copulatory courtship duration; copulation duration from trial one; post-copulatory courtship 

duration from trial one; latency to mount from trial two; pre-copulatory courtship from trial two. 

As before, Chi Square tests were used to determine the influence of traits of interest by 

comparing the full model described above to a model with the trait of interest removed. The 

significance of the random effect of strain was tested in a similar manner using the new factor 

strain-block (described above). 

 

As well as looking at the association of individual courtship component durations with female 

re-mating, we also considered the association with total courtship duration from trial one 

(summation of pre- and post-copulatory courtship durations), and total handling time of the 

female by the male for trial one (summation of pre- and post-copulatory courtship and 

copulation durations). The individual fixed effects represented by trial one total courtship 

duration or handling time were replaced by these terms and fitted as before. Chi Square tests 

were utilised to determine the influence of these combined courtship component durations on 

female re-mating. All statistical analysis was performed in the statistical package R (version 

2.13.1; Ihaka and Gentleman 1996, R development core team 2008). 

 

3.3   Results 

Descriptive statistics 

On average a full mating (consisting of pre-copulatory courtship, copulation and post-copulatory 

courtship) in trial one lasted 45.22 ± 1.13 (maximum = 137) seconds. During trial one, males on 

average took 83.34 ± 6.85 seconds to mount a female. Pre-copulatory courtship lasted 14.46 ± 0.81 
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seconds over 1.01 ± 0.01 courtship bouts. Males then engaged in copulation with the female after 

she signalled receptivity. On average trial one copulations lasted 14.41 ± 0.29 seconds followed 

by 16.36 ± 0.72 seconds of post-copulatory courtship. In trial two, the males took 113.34 ± 7.23 

seconds to mount a female, followed by 89.73 ± 5.85 seconds of pre-copulatory courtship over 

2.03 ± 0.12 bouts. Considering only the 111 females which re-mated during trial two, copulation 

lasted 16.05 ± 0.33 seconds followed by 20.66 ± 4.19 seconds of post-copulatory courtship, with a 

full mating in trial two lasting 77.68 ± 4.93 seconds. Average durations for each courtship 

component for trial one and trial two can be seen in Table 2 (see supplementary Tables 1 & 2 for 

average courtship component durations for each of the nine Cornell iso-female lines). 

 

Courtship component duration varies dependent upon trial 

Several courtship component durations were found to vary between the two trials. Firstly we 

found that males took longer to mount females in trial two than in trial one (Figure 1 & Table 2; 

likelihood ratio test, L.Ratio = 11.49, p = 0.0007). However, whether or not females re-mated in 

trial two was not associated with latency to mount durations (L. Ratio = 0.52, p = 0.47) and no 

variation in latency to mount was found across the two trials (L. Ratio = 1.23, p = 0.27). Pre-

copulatory courtship was also found to be significantly longer in trial two than in trial one (Table 

2; L.Ratio = 336.13, p <0.0001), and was significantly associated with female polyandry (L.Ratio = 

8.50, p = 0.004), where females who re-mated received shorter durations of pre-copulatory 

courtship in both trials. The interaction between trial and whether or not females re-mated after 

24 hours was also significantly associated with the duration of pre-copulatory courtship. This 

indicates that the increase in pre-copulatory courtship duration received by females in trial two 

was highest in females which did not re-mate (Figure 2; L.Ratio = 53.36, p <0.0001). Copulation 

duration was significantly longer in trial two than in trial one (L.Ratio = 20.11, p <0.0001). In 
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contrast, there was no difference across the two trials in the duration of post-copulatory 

courtship (L.Ratio = 0.53, p = 0.47). 

 

Figure 1. Latency to mount was longer for trial 2 than trial 1. Error bars are ± 1 standard error. 

 

 

Figure 2. Mean duration of pre-copulatory courtship across the two trials, split by whether a female 

mated (Re-mated in trial two) or not (Unmated in trial two) with a second male in trial 2. Error bars 

are ± 1 standard error. 
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Figure 3. Average number of pre-copulatory courtship bouts by trial. Here females have been split 

into two classes, those which re-mate with a second male after 24 hours (Re-mated in trial two) and 

those which do not signal their receptivity or copulate with a second male after 24 hours (Unmated 

in trial two). Error bars are ± 1 standard error. 

 

Similarly, there was a significant association between the number of bouts of pre-copulatory 

courtship and trial, with fewer bouts of courtship in trial one than in trial two (Figure 3; χ2 = 
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104.26, p <0.0001). We also found a significant association between the number of pre-copulatory 

courtship bouts and whether or not female re-mated after 24 hours, with females which re-mated 

in trial two receiving fewer bouts of courtship (χ2 =11.46, p = 0.0007). As females received 

approximately 1 (average = 1.01, S.E. = 0.007) courtship bout prior to copulation in trial one; a 

significant association of the interaction between trial and female re-mating was found (χ2 = 

34.99, p <0.0001). It is likely then that the variation seen in the duration of pre-copulatory 

courtship and the number of pre-copulatory courtship bouts received is driven by female 

polyandrous behaviour in trial two. 

 

Courtship component duration does not vary across strains 

We also investigated whether the nine iso-female lines varied in terms of their courtship 

component durations. The nine iso-female lines tested here exhibited very similar courtship 

behaviour. We found no significant among strain variation in: latency to mount (L.Ratio = 2.43, p 

= 0.12); pre-copulatory courtship (L.Ratio <0.0001, p >0.99); number of pre-copulatory courtship 

bouts (χ2 = 0, p = 1); copulation duration (L.Ratio <0.0001, p>0.99) or post-copulatory courtship 

(L.Ratio = 2.24, p = 0.13). 

 

Female polyandry is associated with courtship component durations 

Out of the 200 females included in our analysis 111 females re-mated after 24 hours (55.5%). 

Female polyandry was found to be negatively associated with three courtship components, 

namely, pre-copulatory courtship in trial one and trial two and latency to mount in trial two. 

Specifically we found that longer durations of pre-copulatory courtship in trial one and trial two 

were associated with a reduced likelihood of female re-mating after 24 hours (Trial 1, b = -0.13 ± 
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0.05, χ2 = 9.63, p = 0.002; Trial 2 b = -0.01 ± 0.004, χ2 = 97.25, p <0.0001). Conversely females who 

re-mated in trial two had shorter durations of latency to mount (b = -0.06 ± 0.01, χ2 = 16.22, p 

<0.0001).  We found that female polyandry varied across the nine iso-female lines tested here (χ2 

= 2.59, p = 0.0004), ranging from less than 10% to 100%. This line effect can also be seen in Figure 

4, where we consider the proportion of females which re-mate on day two for each iso-female 

line. The remaining trial one courtship components in the model showed no significant 

association with female re-mating (latency to mount: b = 0.004 ± 0.003, χ2 = 1.56, p = 0.21, 

copulation duration: b = -0.07 ± 0.13, χ2 = 0.38, p = 0.54, post-copulatory courtship duration: b = 

0.006 ± 0.03, χ2 = 0.06, p = 0.81). 

 

Figure 4.  Variation among nine iso-female lines in the probability of re-mating after 24 hours 

 

 

We next considered how the combination of the durations of pre- and post-copulatory courtship 

in trial one influenced female polyandry. Surprisingly we found that the combined duration of 

pre- and post-copulatory courtship is not significantly associated with female polyandrous 
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behaviour, indicating that post-copulatory courtship duration is therefore not acting as a ‘top-up’ 

of the total time a female has been courted (b = -0.04 ± 0.03, χ2 = 3.01, p = 0.08). In agreement with 

the previous model we found no association with female re-mating with the trial one courtship 

component of latency to mount (b = 0.004 ± 0.004, χ2 = 1.26, p = 0.26). Similarly, we found a 

significant negative association for two trial two courtship components where longer durations 

were indicative of females being less-likely to re-mate (latency to mount b = -0.01 ± 0.003, χ2 = 

12.81, p = 0.0003; pre-copulatory courtship duration b = -0.06 ± 0.01, χ2 = 96.63, p <0.0001). As with 

the previous model female polyandry was found to vary across the nine iso-female lines tested 

here (χ2 = 12.56, p = 0.0004).  

 

Finally we considered a model where the durations of pre- and post-copulatory courtship and 

copulation in trial one were combined in order to determine the influence of total trial one 

handling time of the female by the male on female polyandry. Females who are unlikely to re-

mate have longer trial one total handling time durations (b = -0.05 ± 0.03, χ2 = 4.06, p=0.04). This 

effect is likely to be driven by the duration of pre-copulatory courtship.  As with the first model 

we found no association with female re-mating with the trial one courtship component of latency 

to mount (b = 0.004 ± 0.003, χ2 = 1.23, p = 0.27).  The trial two courtship components of latency to 

mount and pre-copulatory courtship duration also showed the same negative association with 

female re-mating (as above), where longer durations were seen in females less likely to re-mate 

(Trial two latency to mount: b = -0.01 ± 0.003, χ2 = 12.7, p = 0.0004, Trial two pre-copulatory 

courtship: b = -0.01 ± 0.003, χ2 = 97.27, p <0.0001). As before we found that rates of female 

polyandry varied across the nine iso-female lines (χ2 = 12.41, p = 0.0004). 
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3.4   Discussion 

Polyandrous behaviour in females is restricted by males of many species of insects, through 

direct behavioural mechanisms such as mate guarding and courtship (Alcock 1994), or in-direct 

mechanisms such as seminal fluid protein transfer or pheromonal alteration (Polerstock et al. 

2002, Kubli 2003, Wedell 2005, Oppelt and Heinze 2009, Everaerts et al. 2010). In our study 

species N. vitripennis, female polyandry is believed to be influenced by male courtship 

behaviour, with emphasis on the importance of post-copulatory courtship in inducing female 

loss of receptivity to further mating attempts by males (van den Assem 1976, van den Assem and 

Jachmann 1999). Here we have considered among-genotype variation in several aspects of the 

mating behaviour of N. vitripennis, in order to determine their association with the propensity of 

a female to re-mate after 24 hours. We found significant among-strain variation for female re-

mating rate, confirming heritable variation in female post-mating receptivity as found in other 

recent studies of N. vitripennis (Shuker et al. 2007; Burton-Chellew et al. 2007). We also found that 

three courtship components – pre-copulatory courtship duration in trial one, latency to mount in 

trial two, and pre-copulatory courtship duration – were longer in females that did not re-mate in 

trial two. However, we found no significant among-strain variation in any of courtship 

components. 

 

There were a number of important differences between virgin and mated females. First, as 

alluded to above, mated females were far less likely to mate than virgins. Second, mated females 

took longer to be mounted. This increase in the latency to mount may be a male effect, whereby 

males are less likely to invest time in, or are less attracted to, mated females (and so implying 

that males can determine female mating status). Loss of attractiveness to males in insects can be 
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mediated in a number of ways, including by a change in the female’s cuticular hydrocarbon 

spectrum (Polerstock et al. 2002, King and Fischer 2005, Oppelt and Heinze 2009, Everaerts et al. 

2010). If latency to mount is a reflection of loss of attractiveness of females, then it is possible a 

similar mechanism may also be operating in Nasonia. However, it is difficult to determine who is 

driving this effect as females may also increase their avoidance of males post-mating as their 

receptivity is reduced or lost. Evidence for this latter effect is given by Ruther et.al. (2010), who 

show an association between pre-copulatory courtship and reduction in female attraction to the 

male sex pheromone. Increased latency to mount may, therefore, be a product of reduced female 

attractiveness to males and reduced receptivity to courting males by females. Unsurprisingly 

then, we find a highly significant association between long latency to mount and the willingness 

to mate of mated females.  

 

Mated females also received more pre-copulatory courtship, and again unsurprisingly females 

that did not go on to mate received the most (albeit fruitless) courtship (Figure 3). This result 

differs to a study by van den Assem and Visser (1976) which showed that males spent less time 

courting inseminated females than females which were virgin or had only received courtship. 

This so called “copulation effect” was found to be short-lived however, and was no longer 

apparent after a period between matings greater than 15 minutes (van den Assem 1976). 

Increasing intervals between matings led to courtship durations which were no longer 

significantly different between virgin and mated females (van den Assem 1976). However, our 

observation of longer courtship durations in mated females which do not re-mate can be 

attributed to both the passive rejection of males by unreceptive females (whereby a female 

allows a male to mount and engage in courtship but does not signal her receptivity) and due to 

the pooling of durations of all courtship bouts within a ten minute observation period.  
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Whether or not a female ended up being polyandrous was associated with how much pre-

copulatory courtship they received as virgins (in trial one). Females that were more likely to be 

re-mated needed less courtship as virgins before mating (as of course they did as mated females 

in trial two, see above; see also Leonard 2008). This suggests that some overall aspect of “female 

receptivity” might influence courtship duration; however it is again difficult to determine who is 

driving this effect. Such females may be less attractive and males may perform subtly different 

courtship behaviour. In any case, van den Assem et al. (1976) showed that pre-copulatory 

courtship was unlikely to play a direct, mechanistic role in female receptivity.  

 

Similarly, copulation does not influence female receptivity (van den Assem 1976, van den Assem 

and Jachmann 1999). Consistent with this, we found no significant association between female 

polyandry and the duration of copulation amongst the 111 females which re-mated in trial two. 

However, we did find that mated females had longer copulations (by an average of 2.19 ± 0.42 

seconds). Males of many species are known to alter their mating strategy when copulating with 

previously inseminated females (Gage and Baker 1991, Alcock 1994, Eberhard and Cordero 1995, 

Wigby and Chapman 2004, Parker and Pizzari 2010). Nasonia generally exhibit first male sperm 

precedence (Holmes 1974, Leonard and Boake 2008), however Holmes (1974) showed that where 

the first male to copulate with a female was sperm depleted, sperm mixing could occur. By 

increasing the volume of ejaculate a second male passes to a mated female he may increase his 

paternity in instances where the first male was sperm depleted. We suggest that as males may be 

able to ascertain female mating status (i.e. a longer latency to mount mated females), males may 

also adjust their copulation duration accordingly, perhaps exploiting variation in first male 

sperm precedence and to secure more fertilisations in instances where the first male was sperm 

depleted. 
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Post-copulatory courtship was not associated with female receptivity loss in our experiment, and 

did not vary in duration across trials. However, unlike van den Assem et al. (1976) we did not 

inhibit post-copulatory courtship and simply measured the variation in the duration of post-

copulatory courtship. Therefore, it may be that only a short duration of post-copulatory 

courtship is required to turn off female receptivity, with the males of this study providing on the 

whole sufficient courtship to reduce female receptivity. Why males would invest more courtship 

than necessary to reduce female receptivity is uncertain though. In general, duration by itself 

may not capture the important facet of post-copulatory courtship in N. vitripennis. As previously 

mentioned, we found no significant effect of trial one total courtship duration with female re-

mating after 24 hours, an indication that post-copulatory courtship is not acting as a ’top-up’ to 

pre-copulatory courtship received, and further reflected by the lack of trial variation in post-

copulatory courtship duration. In contrast we did find that total trial one handling time of the 

female by the male was weakly associated with female polyandry.  

 

Whilst looking at the influence of courtship components on female re-mating, we also considered 

how courtship component durations varied across the nine iso-female lines tested and whether 

they showed variation in rates of polyandry. We found no effect of iso-female line on individual 

courtship components. This implies that there is rather limited genetic variation in courtship 

components, at least amongst the iso-female lines tested here. Generally behavioural traits have 

low heritabilities (Boake et al. 2002) which can be attributed to limited genetic variation or high 

environmental variation, the latter of which is perhaps not that surprising for behavioural traits. 

We did, however, find that female re-mating in trial two varied across the nine iso-female lines, 

implying genetic variation in female re-mating rate or polyandry in N. vitripennis, confirming 
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heritable variation in mating behaviour as found in previous behavioural studies (Shuker et al. 

2007; Burton-Chellew et al. 2007). 

 

The data we have presented here suggest that females may have greater control over their 

receptivity than the male. This is slightly contrary to the usual paradigm, where males are 

believed to reduce female receptivity in order to inhibit multiple matings and protect paternity 

(van den Assem and Visser 1976, Alcock 1994, Eberhard 1996). Polyandry in Nasonia is unlikely 

to be driven by the potential of mating with males which have become sperm depleted or are 

infertile. Moynihan et. al. (2011) found that males had to mate in excess of 12 females to show 

signs of sperm depletion, and there is a lack of evidence for infertility amongst Nasonia males.  

Here we have identified heritable variation in polyandrous behaviour, where females who 

require longer courtship durations on day one are generally less receptive and so less likely to re-

mate after a period of 24 hours. Taken with a study by Burton-Chellew et al. (2007), which 

considered a high and low polyandrous line of N. vitripennis, where males were found to be 

unable coerce females to re-mate more or less often than their high/low polyandry background, 

we can suggest that there may be little male input into the control of female receptivity, where 

presence/absence of courtship elements may be enough to trigger receptivity loss dependent 

upon the female’s genetic background. This is probably less surprising when we consider the 

natural mating system of Nasonia, where mostly monandrous females will disperse to search for 

hosts soon after mating (Whiting 1967, Grillenberger et al. 2009a). These results should guide our 

thinking as we consider the possible reasons for the evolution of polyandry in lab reared 

populations of Nasonia, and direct predictions about the role of males in terms of input into 

changes in female receptivity at a more mechanistic level. In chapter 5 we explore the gene 

expression changes associated with the courtship components studied here, in order to gain a 
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greater insight into the influence of male courtship on female behavioural and physiological 

changes in post-mating body (abdomen and thorax) tissues. First though, Chapter 4 considers 

overall changes in gene expression following mating in females. 
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3.5   Supplementary Information i – Additional tables 

Supplementary table 1. Trial 1 courtship component durations by iso-female line. 

Courtship Component Strain Mean 
Standard 

Error 
Median 

Latency to mount All 83.34 6.85 56 

26 females 3 71.62 16.74 46 

23 females 8 68.61 9.55 57 

28 females 12 85.11 13.72 64.5 

23 females 18 71.70 20.19 43 

36 females 19 72.22 10.18 57 

9 females 22 44.11 9.79 39 

20 females 23 139 42.64 75 

15 females 24 94.73 21.65 67 

20 females  28 99.85 26.47 57 

Pre-copulatory courtship All 14.46 0.81 12 

26 females 3 14.04 1.24 12.5 

23 females 8 16.30 2.54 13 

28 females 12 14.54 2.15 12 

23 females 18 14.96 2.70 12 

36 females 19 13.50 3.00 11 

9 females 22 15.78 3.09 14 

20 females 23 14.55 1.89 12 

15 females 24 14.47 1.29 13 

20 females  28 13.25 1.53 11.5 

Copulation All 14.41 0.29 14 

26 females 3 14.65 0.73 13.5 

23 females 8 14.74 1.02 14 

28 females 12 13.46 0.48 13 

23 females 18 14.61 1.51 13 

36 females 19 14.39 0.59 15 

9 females 22 14.44 0.48 15 

20 females 23 15.05 0.76 14.5 

15 females 24 13.47 0.85 13 

20 females  28 14.9 0.95 13.5 

Post-copulatory courtship All 16.36 0.72 15 

26 females 3 18.04 0.99 16 

23 females 8 15.39 1.21 15 

28 females 12 17.96 3.55 15 

23 females 18 18.43 2.15 14 

36 females 19 12.25 0.83 11.5 

9 females 22 16 1.93 15 

20 females 23 19.75 2.86 19 

15 females 24 18.27 2.36 15 

20 females  28 13.35 1.11 11.5 
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Supplementary table 2.  Trial 2 courtship component durations by iso-female line. 

Courtship Component Strain Mean 
Standard 

Error 
Median 

Latency to mount All 113.34 7.23 82.5 

26 females 3 84.50 17.32 56.5 

23 females 8 125 25.83 80 

28 females 12 120.14 14.63 102.5 

23 females 18 106.65 18.33 68 

36 females 19 96.53 17.23 69 

9 females 22 101.22 26.91 89 

20 females 23 137.05 23.74 118 

15 females 24 148.73 38.15 67 

20 females  28 121 22.99 104 

Pre-copulatory courtship All 89.73 5.85 53 

26 females 3 128.73 21.58 86.5 

23 females 8 160.61 16.97 172 

28 females 12 95.89 14.64 79.5 

23 females 18 42.35 8.04 31 

36 females 19 42.44 6.49 32 

9 females 22 42.44 11.85 31 

20 females 23 73.35 10.9 59.5 

15 females 24 49.13 12.03 27 

20 females  28 156.60 19.82 160.5 

Copulation All 16.05 0.33 16 

15 females 3 15.40 0.68 15 

2 females 8 15.50 0.50 15.5 

13 females 12 16.54 1.63 15 

18 females 18 16.44 0.61 16 

35 females 19 16.20 0.51 16 

9 females 22 18.11 1.49 16 

5 females 23 16.20 0.49 16 

11 females 24 15.09 0.51 15 

3 females  28 10.33 2.60 10 

Post-copulatory courtship All 20.66 4.19 13 

15 females 3 20.60 4.58 17 

2 females 8 16 4 16 

13 females 12 15.69 2.35 16 

18 females 18 16.33 1.01 15.5 

35 females 19 22.97 10.72 11 

9 females 22 43.67 29.85 12 

5 females 23 18 5.683 11 

11 females 24 12 1.50 10 

3 females  28 11.67 0.67 11 
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 4.0   Abstract 

Mating typically induces many behavioural and physiological changes in animals. These 

changes can influence key female traits such as dispersal behaviour, foraging, mate preferences 

including willingness to re-mate, and the timing of egg-laying. Whilst much is known at the 

phenotypic level about post-mating changes in reproductive biology across many species, much 

less is known at the genetic level, especially outside of established model organisms such as 

Drosophila melanogaster. Here we use a next-generation sequencing approach (“DeepSAGE”) to 

identify the transcriptomic basis of post-mating changes in females of the parasitoid wasp 

Nasonia vitripennis. Comparing head and body tissues across two time-points, we show that 

mating leads to a rapid (within 30 minutes), large-scale re-patterning of gene expression across 

head and body tissues in female Nasonia. Much of the observed differential gene expression 

between mated and virgin females is associated with changes in head tissues. Changes in gene 

expression associated with the thorax and abdomen appear more transitory, suggesting that 

primary reproductive processes such as oogenesis continue more or less unaffected, at least 

within the time-points considered here. As with other insects, changes in expression of genes 
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associated with the regulation of nutrition and other physiological processes are apparent after 

mating. 

 

4.1   Introduction 

Linking variation in organism phenotypes to the gene and gene networks underlying traits is 

one of the key challenges facing biologists. This is crucial, not only for understanding traits 

associated with health and disease, but also for ecologists and evolutionary biologists trying to 

explain, and indeed predict, the causes and consequences of phenotypic variation (Greenspan 

2001, Robinson and Ben-Shahar 2002, Heifetz et al. 2005, Stinchcombe and Hoekstra 2008, 

Bendesky and Bargmann 2011, Bono et al. 2011, Rowntree et al. 2011). Clearly one of the most 

important tasks facing organisms is that of reproduction. Our understanding of the genetic 

mechanisms underlying many of the key phenotypes associated with mating and reproduction 

remains limited, despite the importance of genetic architecture to various evolutionary theories, 

from indirect sexual selection to speciation (Kirkpatrick  and Ryan 1991, Coyne  and Orr 2004, 

Mead and Arnold 2004). 

 

For many female insects the act of mating and insemination induces both behavioural and 

physiological responses. Physiological changes can include increased egg maturation, ovulation 

and oviposition (Soller et al. 1999, Kocher et al. 2008), and are often associated with behavioural 

changes such as altered flight patterns (King 1993) or the modulation of feeding behaviour 

(Carvalho et al. 2006, Kubli 2010) and, importantly for several species, the modulation of female 

receptivity towards further matings (Ringo 1996, Kubli 2003, Wedell 2005, Avila et al. 2011). 
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Transcriptional changes associated with mating behaviour in insects have been previously 

characterised in Drosophila melanogaster, Apis mellifera and Anopheles gambiae (Table 1). These 

studies have utilised microarray technologies and identified tissue specific and whole body gene 

expression changes in response to mating. These studies generally identify distinct expressional 

profiles across various post-mating time-points and are often linked with the up-regulation of 

metabolism, translation and signalling pathways plus, in some cases, alteration in expression of 

genes of the immune system (Table 1). In A. mellifera and D. melanogaster mating leads to similar 

changes in the patterns of differential expression over time, albeit with rather little overlap in the 

loci underlying these differences (Fujii  and Amrein 2002, Lawniczak and Begun 2004, Mack et al. 

2006, Kocher et al. 2008, McGraw et al. 2008, Dalton et al. 2010, Kocher et al. 2010). 

 

We wanted to determine if the similarities in gene expression patterns previously observed were 

also apparent in the parasitic wasp Nasonia vitripennis despite having a mating system which 

differs to that of D. melanogaster and A. mellifera. In Nasonia females (generally) only mate once. 

Additionally, as with A. mellifera and indeed all Hymenoptera, N. vitripennis are haplodiploid. As 

females are therefore able to produce males from haploid unfertilised eggs, copulation may be 

less of a key stimulus for inducing post-mating responses and in turn mating may not lead to 

such large changes in genes concerning oogenesis and ovulation as might be expected otherwise. 

In contrast D. melanogaster females may mate several times with a refractory period in between 

(largely maintained by the accessory protein (Acp) sex peptide (SP); Schmidt et al. 1993, Peng et 

al. 2005), whereas in A. mellifera females may mate several times (average ~12) during a single 

mating period before remaining refractory to mating for their lifetime (Kocher et al. 2008). 
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Table 1: An overview of the post-mating differential expression studies utilising microarrays considering the tissues studied and their main findings. 
Species Study Tissues studied Main findings 

Anopheles 

gambiae 
Rogers et al. 2008 

Whole body   
 The number of differentially expressed genes increased with subsequent time-points post-mating 

 No evidence for activation of the immune system within six hours post-mating 

Apis mellifera Kocher et al. 2008 
Brain and Ovary 

 Clustering of 50 predictive genes identified that a portion of the variation in brain gene expression was associated with behaviour; and in ovaries with physiological 

changes. 

 Distinct gene expression patterns were observed in brain and ovary tissues at the time-points tested and appeared to be uncoupled. 

Drosophila 

melanogaster 

Innocenti  and 

Morrow 2009 
Whole flies 

 Virgin, mated and doubly mated females showed robust clustering of their differential expression profiles. 

 They identified two responses to mating. Firstly a substantial change in metabolism and secondly inducement of the immune system upon the receipt of a second mating.  

Drosophila 

melanogaster 

Kapelnikov et al. 

2008 Oviduct 

 Post-mating the oviduct showed an increase in the number of new transcripts and also an increase in the differential expression of transcripts, which may aid the 

production of a functioning oviduct. 

 Changes in expression of the oviduct are believed to be mainly mediated by sperm and non-sperm/non-Acp factors. 

Drosophila 

melanogaster 

Lawniczak  and 

Begun 2004 
Whole flies  Both courtship and mating induced changes in transcript abundance. 

Drosophila 

melanogaster 
Mack et al. 2006 Reproductive 

tract 

 Differential gene expression between virgin and mated females peaked at the 6 hour time-point and was associated with a shift from primarily down-regulation at 

immediate early time-points to up-regulation within 3 hours after mating. 

Drosophila 

melanogaster 

McGraw et al. 

2004 
Whole flies 

 Mating led to large numbers of differentially expressed genes with the largest proportion of genes induced to alter their expression by non-sperm, non-Acp factors. 

 They suggest that females are in a state prepped for mating with genes whose products are required for early post-mating responses are likely expressed upon sexual 

maturation to allow for immediate and rapid responses. 

Drosophila 

melanogaster 

McGraw et al. 

2008 Whole flies 

 They found larger numbers of differentially expressed genes at the 1-3 hour post-mating time-point, however, the magnitude of the changes in transcript levels compared 

to virgin females was lower than that seen at six hours. 

 Post-mating transcriptional changes are not limited to the reproductive tract 

Drosophila 

melanogaster 

McGraw et al. 

2009 
Whole flies 

 They found that although a large number of small magnitude changes occur in gene expression 1-3 hours post-mating that the genetic backgrounds of the females tested 

had little effect on gene expression. 

Drosophila 

melanogaster 

Prokupek et al. 

2009 

Spermathecae 

and seminal 

receptacle 

 Differential expression could be identified in both the spermathecae and seminal receptacle at two post-mating time-points with the largest differences in gene 

expression seen within the seminal receptacle. 

 For both tissues larger numbers of differentially expressed genes could be identified in three hour to virgin comparisons over six hour to virgin comparisons. 

Drosophila 

mojavensis 
Bono et al. 2011 

Reproductive 

tract 

 Differential gene expression of conspecifically mated females peaked at the 6 hour time-point and was associated with a shift from primarily up-regulation at earlier time-

points to down-regulation by six hours. 

 Heterospecific mating greatly perturbed normal post-mating responses in the female. 

Drosophila 

melanogaster 
Bailey et. al. 2011 Whole flies 

 Females exhibited the differential expression of a set of “mate choice” genes, when mated to males from their own preferred population versus another population. 

 Genes which show enriched expression in the central nervous system and ovaries were found to be overrepresented amongst the differentially expressed 

genes. 
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We investigated the role of courtship and copulation in terms of gene expression, also 

considering differences between head and body (comprising of the thorax and abdomen) tissues 

of female N. vitripennis. A previous study of the differential gene expression in brains and 

ovaries of A. mellifera revealed that these tissues show uncoupled gene expression patterns after 

mating (Kocher et al. 2008). Gene expression changes occurred in the ovary tissues immediately 

after mating, whereas brain tissues show delayed expressional changes which are thought to 

require either additional stimuli or larger amounts of time to transition to a mated state (Kocher 

et al. 2008). The same study also noted that a portion of the variance in gene expression of brain 

tissues could be associated with behavioural responses, whilst ovary tissues were linked to more 

physiological responses (Kocher et al. 2008). By separating head and body tissues in N. vitripennis 

we aimed to investigate the transcriptional changes occurring in bodies due to the male 

contribution of sperm and seminal fluid (whilst the repertoire of influencing factors of Acps 

found in D. melanogaster have not been identified in Nasonia, this does not preclude the existence 

of such proteins in the Nasonia ejaculate), and how it may differ to the changes that occur in head 

(and brain) tissues which may be influenced more directly by more sensory (i.e. olfactory, visual 

and potentially tactile) stimuli received during courtship. 

 

Here we address these questions by investigating the transcriptional responses which occur at 

two time-points (30 minutes and four hours post-mating) in the head and body tissues of mated 

and virgin females of N. vitripennis using a next generation sequencing approach. Next 

generation sequencing has changed the landscape of functional genomics, and global estimation 

of transcript abundance through direct sequencing (Digital Gene Expression: DGE) and is 

becoming a method of choice. Expression values determined through DGE studies correlate well 

with those found by microarray or qPCR methods (Hegedus et al. 2009), and indeed can more 
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accurately determine the magnitude of expressional changes between samples (t Hoen et al. 2008) 

with high sequence fidelity and reproducibility (Nielsen et al. 2006). DeepSAGE (deep-

sequencing serial analysis of gene expression) is a DGE method that counts the presence of 

individual 3' ends of transcripts in samples (Morrissy et al. 2009), and allows for accurate 

determination of fold change differences between samples whilst providing deep and unbiased 

coverage of the entire transcriptome (Morrissy et al. 2010) for both known and unknown genes 

(Nielsen et al. 2006). A variety of deepSAGE techniques have already been utilised to investigate 

how transcription profiles change over time and across tissues (Cloonan et al. 2008, Mortazavi et 

al. 2008, Park et al. 2008, Hegedus et al. 2009, Morrissy et al. 2009, Liu et al. 2010, Mu et al. 2010, 

Ruzanov and Riddle 2010, Wang et al. 2010b, Liu et al. 2011) but there has been limited 

application to non-model organisms of ecological and evolutionary interest. 

 

Finally, global analyses of gene expression, whilst having some limitations in terms of 

identifying single effector genes, can be used to reveal patterns of change in transcriptional 

systems, for example through the use of gene set and gene ontology (GO) enrichment analysis. 

Since previous work examining the effects of mating in insects has suggested enrichment of GO 

classes associated with metabolism and signalling (Mack et al. 2006, McGraw et al. 2008), 

elevated levels of juvenile hormone (Ottiger et al. 2000) and vitellogenin (known to function in 

oocyte maturation and ovulation; Koywiwattrakul and Sittipraneed 2009), if post-mating 

changes in Nasonia are associated with similar physiological outcomes, we should expect to see 

similar patterns in terms of gene enrichment. Enrichment of immune function has also 

previously been identified in females post-mating (Lawniczak and Begun 2004); however the 

potential lack of selection pressure for males to evolve competitive ejaculates, due to monandry 
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(Morrow and Innocenti 2012, see also discussion), suggests that we may be unable to find 

enrichment of immune genes in response to mating in Nasonia. 

 

4.2   Materials and methods 

Study Organism  

N. vitripennis (Hymenoptera: Chalcidoidea) is a small gregarious wasp that parasitises large 

dipteran pupae. Adults are 2-3 mm in size, and complete their life cycle in 13-14 days at 25oC 

(Whiting 1967; Werren et al. 2010). As with all Hymenoptera, N. vitripennis is haplodiploid, with 

males developing from unfertilised, haploid eggs and females developing from fertilised diploid 

eggs. Depending on host size and species, females lay clutches of 20-50 eggs within the host 

puparium. Males are brachypterous, rendering them flightless, and remain close to the 

emergence patch, mating with females as they emerge from the host puparium. Females are fully 

winged and will typically mate only once before dispersing to find new hosts.  

 

The N. vitripennis genome has now been sequenced. The genome assembly has a total size of 295 

Mb mapping to 5 chromosomes, and a GC content of 40.6% (Werren et al. 2010). The N. 

vitripennis genome contains a (thus far) fairly typical insect gene repertoire consisting of 17,279 

gene models, with 12% being Nasonia specific, without orthologues in other insects (Werren et al. 

2010). We used the N. vitripennis strain AsymC to determine gene expression differences between 

mated and virgin females. AsymC was first isolated in 1986 by curing the wild-type strain LabII 

of Wolbachia (Perrot-Minnot and Werren 1999). Wasps have been maintained on Calliphora 

vomitoria or C. vicina hosts at 25oC, 16L: 8D light conditions since this time. This line of N. 

vitripennis was also used for the N. vitripennis genome project (Werren et al. 2010). 
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Production of virgin males and females  

To generate the parents of our experimental females, female wasps were isolated from hosts in 

stock tubes four days prior to emergence at the pupal stage in order to ensure their virginity. 

These females were maintained in isolation and held alongside stock tubes in an incubator at 

25oC, 16L: 8D light conditions until eclosion. Two days after eclosion isolated virgin females and 

mated females from stock tubes were individually placed into 10mmx75mm glass tubes with 

half of the females receiving three hosts on which to oviposit to generate the experimental 

offspring. After 24 hours the remaining females were also provided with three hosts in order to 

stagger the emergence time of males and females for experimentation. Since they are 

haplodiploid, virgin N. vitripennis females lay all-male broods, allowing us to ensure enough 

virgin males would be available for experimentation. Four days prior to emergence of the 

experimental wasps, male and female pupae were isolated from hosts, again in order to ensure 

their virginity, and maintained in isolation until 24 hours post emergence. Forty daughters from 

a single foundress formed one replicate group, allowing us to minimise environmental and 

genetic differences among individuals of a replicate. Two replicates were generated for each 

treatment of virgin females, 30 minutes post-mating females, and four hours post-mating 

females, giving a total of six replicates. 

 

Mating assay  

Across all treatments male and female wasps were handled without anaesthesia using aspirators. 

Females to be mated were placed in clean small glass tubes, and then males were introduced to 

the tube and observed until the end of their first mating. The complete mating sequence consists 

of: (1) the male orientating towards and mounting the female; (2) pre-copulatory courtship 

consisting of a series of “head-nods” and pheromone release over the female’s head and 
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antennae: (3) the female signalling receptivity (lowering antennae) and opening her genital pore; 

(4) intromission and insemination; (5) post-copulatory courtship; (6) the female signalling 

receptivity-loss (again lowering the antennae, Figure 1; for further details see Barrass 1961, 

Whiting 1967). Once mating was completed and the male had dismounted (typically after 46.57 ± 

17.59 SD (maximum = 137) seconds), the male was then removed from the tube and the females 

transferred to cotton wool plugged eppendorfs, before being placed at 25oC for the length of her 

treatment (30 mins or four hours). At the end of the treatment period females were removed 

from the incubator and flash frozen in liquid nitrogen to preserve the mRNA expression profile 

at the time of freezing. Frozen females from each replicate were pooled and stored on dry ice 

until the addition of 1 ml of RNAlater-ice (Ambion, USA), when they were then transferred to a -

20˚C freezer. For the virgin control females, individuals were held alongside a corresponding 

mated female from a 30 minute replicate from the commencement of the experimental mating of 

that latter female, and then handled and moved between vials in the same manner as those from 

the mated replicates. We separated female heads from the abdomen and thorax (subsequently 

referred to as “body”) under a dissection microscope in RNAlater-ice (Ambion, USA; Figure 1) 

and transferred each part to new 1.5ml eppendorf with 1ml of fresh RNAlater ice, generating a 

total of 12 samples for RNA extraction and sequencing. 

 

RNA extraction  

RNA extractions were carried out the Qiagen RNA easy kit. Extracted RNA was stored at -80oC 

when not in use. The samples were further treated with Turbo DNase (Ambion, USA) to remove 

DNA contamination from samples. We tested sample purity using the micro-volume nanodrop 

spectrophotometer (Thermo Scientific). 
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Figure 1. Images showing the mating stages of N. vitripennis. A Pre-copulatory courtship, the male 

has mounted the female and is engaging in courtship. B Female has signalled her receptivity to 

mating. C Copulation, male backs up to copulate with the female. D Post-copulatory courtship, a 

second courtship believed to induce female receptivity loss. E & F Separation of female head and 

body (thorax and abdomen) tissues in RNAlater-ice.  
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DeepSAGE data generation  

We used the NlaIII-MmeI deepSAGE system to generate 3' tags of 21 bases for a sample of the 

mRNAs present in each replicate (Mardis 2008a, Morrissy et al. 2010) following recommended 

(Illumina) protocols. Briefly, mRNA is captured through the binding of poly(A) tails to 

oligod(T)-derivatised magnetic beads. Double stranded cDNA is synthesised so as to be 

covalently attached to the bead through the poly(A), and then cleaved using NlaIII (which cuts 

approximately every 256 bp). Unbound cleaved fragments are washed from the sample, leaving 

the 3'-most NlaIII site of each mRNA bound to the beads. An adapter containing a MmeI 

recognition site is ligated to the NlaIII cut-site overhang. MmeI is a type II restriction enzyme 

that cuts at a distance from its recognition site. MmeI digestion frees a fragment from the bound 

3' ends consisting of the adapter, the MmeI site, and 21 bases downstream including the NlaIII 

site. These fragments are ligated to a second adapter and processed for sequencing on the 

Illumina platform. The resulting 21 base sequence tags uniquely identify the vast majority of 

mRNAs and the depth of sequencing provided by next-generation platforms (generating 

millions of reads per sample) allows us to quantitatively estimate expression of each mRNA. All 

samples were sequenced on GAII and GAIIX machines at the GenePool Genomics Facility of the 

University of Edinburgh (Supplementary Table 1). 

 

Raw data were filtered for quality and the adapter sequences removed (Table 2 and 

Supplementary Table 2). We mapped all tags to the N. vitripennis genome version 1.0 (obtained 

from ftp://ftp.hgsc.bcm.tmc.edu/pub/data/Nvitripennis/fasta/Nvit_1.0/linearized_sequence/) 

using MAQ 0.6.8, allowing a 2 base mismatch between the tag and the reference. We used a 

mapping quality score of 30, incorporating sequence quality and ability of the tag to map to one 

unique site in the transcriptome, to identify tags that align uniquely to reference sequence. As it 
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is possible that the tags may cross exon boundaries (and thus not map to the genome) we also 

aligned tags that had no match in the genome to the predicted N. vitripennis transcriptome, or 

official gene set (OGS; from 

 ftp://ftp.nasoniagenome.hgsc.bcm.tmc.edu/_annotation/_official_gene_set/). We counted tag 

abundances and recorded transcript coordinates for each tag. Across our 12 libraries we obtained 

174,176 unique, high-quality tags accounting for 72,073,254 reads (Table 2). 157,150 of these tags 

mapped to the N. vitripennis v.1.0 genome. A further 3,441 tags mapped to the OGS. Sequences 

which failed to map to the N. vitripennis genome or OGS were discarded, and consisted mainly of 

adapter-like sequences (13,585 tags). See Table 2 for a detailed breakdown of data filtering.  

Table 2. The breakdown of the tag sequences and reads from the 12 libraries generated in the 

experiment, split by those aligning to the Nasonia genome, remaining tags/reads aligning to the 

OGS, and those tags/reads left that did not align to either (termed “Null”). For full details of 

alignment procedures see the main text. 

 Total Genome OGS Null 

Tags 174,176  157,150  3,441  13,585  
% of total tags  100%  90.22%  1.98%  7.80%  
Reads 72,073,254  59,541,371  605,206  11,926,677  
% of total reads  100%  82.61%  0.84%  16.55%  

 

 

Removal of antisense tags  

Of the 160,591 mapped tags, we identified 78,981 (accounting for 32,446,338 reads) as antisense. 

We found that 30,945 tags of these antisense tags were located within 17 bases of a sense tag 

(accounting for 82.79% of all antisense reads) and were likely derived from a failure to fully 

exclude all NlaIII fragments cleaved from the magnetic beads (Supplementary Table 3). A further 

ftp://ftp.nasoniagenome.hgsc.bcm.tmc.edu/_annotation/_official_gene_set/
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30,963 antisense tags exhibited very low read counts (≤ 10 reads summed across all 12 sample 

libraries). As low read counts often represent sequencing error these tags were also removed 

from the analyses. The remaining 12,093 antisense tags (accounting for 440,702 reads) are 

associated with >10 mapping reads and show no association with a neighbouring sense tag 

(Supplementary Table 3). Whilst specific anti-sense transcription can have roles in the regulation 

of sense transcripts (Hegedus et al. 2009, Morrissy et al. 2009), we identified only 69 tags with 

high expression (≥10,000 reads summed across all 12 sample libraries). Due to the large 

proportion (83.06%) of antisense tags which appear to be of limited credibility we deemed it 

appropriate to remove all such antisense tags from our analysis. 

 

Further to this, we noted the presence of unique tags that mapped to the same site in the genome 

(7,605 sites); these may also derive from sequencing error. We therefore merged tags mapping 

within 24 base pairs of each other, thus assuming they represented the same transcript. This 

reduced the mapped tag site count by 12,757, whilst maintaining overall read counts. 

 

In summary, our final dataset consisted of 68,853 tags and 27,700,239 reads across twelve sample 

libraries. Tags were found for 14,495 of the annotated transcripts in the N. vitripennis OGS. An 

additional 21,771 tags that derive from sites outside current gene models were also retained. For 

each analysis of pair-wise comparisons for differential expression an average of 46,704 ± 4,577.86 

SD (Maximum = 55,612) tags and 9,233,393 ± 2,252,637 SD (Maximum = 13,189,934) reads were 

used. All raw data files have been submitted to and accepted by EMBEL-EBIs Array Express 

Archive, the data submitted to this archive meets MIAME and MINSEQE standards and can be 

downloaded from this site (http://www.ebi.ac.uk/arrayexpress/, Submission accession number: 

E-MTAB-531) 

http://www.ebi.ac.uk/arrayexpress/


                                                                                          
 Chpt 4 – Differential gene expression post-mating 

Rebekah Watt PhD Thesis Page | 137 
 

Differential expression analyses  

We used the DESeq package version 1.1.9 within the programming language R to investigate the 

levels of differential gene expression between treatments (Anders  and Huber 2010). DESeq 

normalisation is robust, accounting for expressional variation both within and across replicates. 

Count data generated by our deepSAGE analysis was modelled by a negative binomial 

distribution in DESeq in order to account for the discrete nature of count data and the expected 

pattern of residual variance, thus enabling it to better detect differential expression between 

treatments. To avoid bias in the call of differential expression for tag sequences across the range 

of count data, DESeq estimates the relationship between the mean and the variance in expression 

on a local, tag-by-tag basis. This allows for more accurate calling of differential expression 

between treatments. Adjustment for multiple testing was carried out by calculating the false 

discovery rate (FDR) according to the procedure of Benjamini and Hochberg (1995a), see 

equation 1. 

 

                                                           Equation 1 

Equation 1: P is the adjusted FDR p-value, p is the unadjusted p-value, r is the rank of the p-value 

being adjusted, n is the total number of tests preformed and 0.05 is the type 1 family wise error rate. 

 

Gene Ontology enrichment analyses  

All known and predicted N. vitripennis protein sequences were downloaded from NCBI 

ENTREZ, 03.05.2010. Blast2GO (Conesa et al. 2005) was then used to assign Gene Ontology (GO) 

terms to each protein sequence. Molecular function GO-slim annotations were selected for 

further analysis of our differentially expressed tags. We used contingency table analyses, 
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considering Pearson’s chi square, to identify GO class enrichment, by comparing the proportion 

of GO classes of known and predicted protein sequences (see above) to those in each of our 

sample comparisons. 

 

4.3   Results  

Significant changes in gene expression occur following mating in female N. vitripennis wasps. We 

found differential expression between virgin and mated females to occur across tissues (heads 

versus bodies), and across time periods. The number of tags identified as differentially expressed 

varied from a few tens to a few thousand. Nine pair-wise comparisons were carried out 

revealing a total of 6,222 tags showing differential expression after correction for the false 

discovery rate, ranging from 0 to 2,095 differentially expressed tags per comparison (p<0.05 after 

correction for FDR, Table 3). Of these tags 4,249 (68.29%) show higher levels of expression in 

head samples over body samples. First we will compare patterns of gene expression between 

heads and bodies in our virgin control females, heads and bodies in 30 minutes post-mating 

females, and 4 hours post mating females. Comparison of virgin head and body tissues sets the 

genomic context for our whole experiment. Second, we will compare patterns of gene expression 

in heads between virgin, 30 minutes post-mating and 4 hours post-mating females. Third, we 

will compare patterns of gene expression in bodies across the three female treatments. Figure 2 

and Table 3 provide a summary of these comparisons complete with the number of differentially 

expressed genes, and the overlap of differentially expressed genes between comparisons is 

shown in Figure 3. 
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Table 3: Overview of results. For each comparison we show, for each sample being compared: the 

total number of differentially expressed tags, the number of tags which were more highly 

expressed, the percentage of tags that were more highly expressed, and finally the number of 

unique DE (differentially expressed) tags in each comparison. 

Treatment  Comparison Total DE 
tags  

No. more highly 
expressed tags  

% more highly 
expressed tags  

Unique DE 
tags  

Virgin Head 1 1,603 325 20.27% 57 

Virgin Body   1,278 79.73% 521 

30 min Head 2 1,295 896 69.19% 444 

30 min Body   399 30.81% 171 

4 hour Head 3 239 239 100% 145 

4 hour Body   0 0 0 

Virgin Head 4 650 219 33.69% 60 

30 min Head   431 66.31% 275 

Virgin Head 5 2,095 3 0.14% 0 

4 Hour Head   2,092 99.86% 646 

30 min Head 6 44 0 0 0 

4 Hour Head   44 100% 25 

Virgin Body 7 215 215 100% 35 

30 min Body   0 0 0 

Virgin Body 8 0 - - - 

4 Hour Body   - - - 

30 mins Body 9 81 0 0 0 

4 Hour Body   81 100% 12 
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Figure 2. Mating influences the patterns of differential expression across tissues and time points. 

Here we show the distribution of differentially expressed tags across all 9 comparisons. Comparisons 

comparing within treatment head and body tissues are shown in purple: virgin heads vs. virgin 

bodies; 30 minute heads vs. 30 minute bodies; four hour heads vs. four hour bodies. Comparisons of 

head tissues across treatments are shown in green: virgin heads vs. 30 minute heads; virgin heads 

vs. four hour heads; 30 minute heads vs. four hour heads. Finally comparisons of body tissues across 

treatments are shown in blue: virgin bodies vs. 30 minute bodies; virgin bodies vs. four hour bodies; 

30 minute bodies vs. four hour bodies. The direction of the arrow indicates which samples had more 

differentially expressed tags; for further details see text. 
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Figure 3. The distribution and overlap of differentially expressed (DE) tags across treatments and 

tissues, indicating DE tags that were either unique or shared between treatments and/or tissues. A. 

Comparisons between head and body samples from the same treatment (total number of DE tags = 

2567). B. Comparisons considering head samples across treatments (total number of DE tags = 

2671). C. Comparisons considering body samples across treatments (total number of DE tags = 240).  
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Comparison of gene expression between tissues within treatments 

Virgin control females set the scene for post-mating changes in gene expression. We identified a 

total of 1,603 tags that were differentially expressed between heads and bodies in these females 

after correction for multiple testing (p<0.05; Figure 2). Of these, 578 tags were found either only 

in heads or bodies and 682 had a log2 fold change (FC) greater than 4.0. We identified 1,278 tags 

showing higher levels of expression in bodies (79.73%, 415 tags with log2FC>4.0, 521 tags only 

expressed in bodies; Figure 4A) with 325 tags showing higher levels of expression in heads 

(20.27%, 267 tags with log2FC>4.0, 57 tags only expressed in heads; Figure 4A). More genes are 

therefore more highly expressed in the thorax and abdomen than in the head of one-day old 

virgin females. 

 

Gene ontology (GO) analysis revealed a large proportion of tags belonging to GO classes 

indicative of metabolic function, with evidence of transcriptional and translational regulation. Of 

the differentially expressed tags, 756 (47.16%) could be assigned a GO classification representing 

a total of 95 classes, with a further 68 tags annotated as hypothetical proteins. The top five GOs 

in this comparison are: metal ion binding; protein binding; structural constituent of ribosome; 

nucleic acid binding; hydrolase activity (See Figure 5). These annotations accounted for 173 

(22.88%) of all tag GO classifications. GO classifications associated with signalling were 

represented by 44 tags (5.82%) of the total GOs. Only 3 tags (0.40%) were associated with 

immune function with no evidence for enrichment (Pearson’s Chi-square = 2.252, DF = 1, p = 

0.133). We suggest that this GO topography represents the resting female state for virgins.  

 

 



                                                                                          
 Chpt 4 – Differential gene expression post-mating 

Rebekah Watt PhD Thesis Page | 143 
 

Figure 4. Shown here is the distribution of expression of each tag from each of the sample 

comparisons. For each graph (A. to H.) the log BaseMean of each sample being compared has been 

plotted against one another in order to identify the number of differentially expressed tags which 

are more highly expressed in each sample.  The graphs shown in purple represent the comparisons 

of head and body tissues: A. virgin heads vs. virgin bodies; B. 30 minute heads vs. 30 minute bodies; 

C. four hour heads vs. four hour bodies. In green are the graphs representing the comparison of 

head tissues across treatments; D. virgin heads vs. 30 minute heads; E. virgin heads vs. four hour 

heads; F. 30 minute heads vs. four hour heads. Finally in blue are the graphs for the comparison of 

body tissues across treatments: G. virgin bodies vs. 30 minute bodies; H. 30 minute bodies vs. four 

hour bodies. The comparison of virgin bodies and four hour bodies was not associated with the 

differential expression of any tags and so is not shown here. 
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Figure 5. Gene ontology (GO) graphs of the comparison of virgin head and virgin body tissues. A. 

considers the GOs concerning “activity”; remaining GO terms are shown in B.

  

A. 
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Mating changes the relationship in gene expression between heads and bodies. For females 

assayed 30 minutes after mating, 1,295 tags showed differential expression after correction for 

FDR (p<0.05; Figure 2). Of these tags, 615 were only found in either heads or bodies and 461 had 

a log2FC>4.0. Importantly, more tags had higher expression in heads (896 tags or 69.19%, 334 of 

B. 
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which had a log2FC>4.0, and 444 of which were only expressed in heads; Figure 4B) than bodies 

(399 tags or 30.81%, 127 tags with log2FC>4.0, and 171 tags only expressed in bodies; Figure 4B). 

 

For this comparison, gene ontologies of signalling and transcription/translational processes were 

more apparent. We assigned gene ontologies to 539 (41.62%) differentially expressed tags 

representing 89 classes, with a further 35 tags annotated as hypothetical proteins. The top five 

GOs were: metal ion binding; protein binding; transporter activity; ion channel activity; G-

protein coupled receptor activity (representing 123 tags between them; Figure 6). Tags associated 

with signalling and transcription/translational processes represent 21.15% of tags with a GO 

classification (Signalling: 55 tags, 10.2%; Transcription/Translation: 59 tags, 10.95%). This distinct 

switch in patterns of expression from virgin to mated females suggest mating induces changes in 

females within 30 minutes, with differential gene expression more associated with tissues in the 

head.  

 

Four hours after mating though, the differences in gene expression between heads and bodies 

become less marked. We found a much smaller number of differentially expressed tags, with 239 

differentially expressed tags after correction for FDR (p<0.05; Figure 2). Of these, 145 were 

present only in heads with 94 having a log2FC>4.0. All of these 239 tags showed higher levels of 

expression in heads (Figure 4C). In the GO analysis, classes of signalling and odorant binding 

were abundant, with odorant binding proteins showing significant enrichment (Pearson’s Chi-

square = 36.735, DF = 1, P <0.001). We were able to assign gene ontologies from 36 GO classes to 

81 tags (35.56%), with a further 4 tags annotated as hypothetical proteins (Figure 7). The top five 

GOs for this comparison were: Odorant binding; GTPase activity; signal transducer activity; 
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metarhodopsin binding; transferase activity (Figure 7). These classes accounted for 24 (29.63%) of 

the annotated tags. Tags associated with signalling, and potentially olfactory signalling, 

accounted for 23 tags (28.40%).  

 

In summary, comparisons of gene expression between tissues, within treatments, revealed 

changes in the pattern of gene expression following mating. In virgins, differential expression 

was more strongly associated with higher expression of tags in bodies compared to heads, a 

pattern reversed following mating. 
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Figure 6. Gene ontology (GO) graphs of the comparison of 30 minute head and 30 minute body 

samples. A. considers GOs concerning “activity”; remaining terms can be seen in B. 

 

 

A. 
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B. 
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Figure 7. GO counts for of four hour head and 4 hour body samples. All differentially expressed tags 

in this comparison showed higher levels of expression in four hour head samples. Whilst the term 

“Hypothetical protein” is not a GO, it was included in this graph for information purposes. 
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Comparison of gene expression in head tissues across treatments 

If we consider head tissues for control and 30 minutes post-mating females first, a total of 650 

tags showed differential expression after FDR (p<0.05; Figure 2). Of these, 455 had a log2FC>4.0, 

with 335 tags being expressed in only one or other treatment. As expected from the results just 

presented, differential expression was more likely to involve increased levels of expression in 

mated females (431, Figure 4D; 132 of which had a log2FC>4.0, and 275 of which were only 

present in mated females). The remaining 219 differentially-expressed tags were more highly 

expressed in virgin heads (33.69% of DE tags, Figure 4D; 110 with a log2FC>4.0, and 60 only 

expressed in virgins). Notably then, slightly more than half of the differentially expressed tags 

were only present in one or other treatment, suggesting perhaps rather rapid and major changes 

in gene expression in head tissues following mating. 

 

The initiation of signalling and increases in the regulation of gene expression were identified as 

important in the GO analysis. Gene ontology classes were assigned to 299 DE tags in this 

comparison, with a further 21 annotated as hypothetical proteins (Figure 8). The top five classes 

were: metal ion binding; protein binding; transporter activity; hydrolase activity; transferase 

activity; Figure 8). These five classes comprised 78 (or 26.1%) of the differentially expressed tags 

with GO annotation. Whilst the most abundant classes do not differ greatly from the within-

virgin comparison, we did see tags associated with signalling (30, 10.03%), transcription factor 

activity (20, 6.69%) and translational activity (2, 0.67%) also being present. The broad class of 

signalling includes genes with GOs such as GTPase activity which have functions such as 

signalling processes, protein translation and vesicle mediated protein transport through 

membranes. 
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Figure 8. Gene ontology (GO) graphs of the comparison of virgin head and 30 minute head samples. 

A. considers GOs concerning “activity”; remaining terms can be seen in B. 

 

A. 



                                                                                          
 Chpt 4 – Differential gene expression post-mating 

Rebekah Watt PhD Thesis Page | 154 
 

 

 

Differential expression between virgin and mated head tissues is very significant by four hours 

post-mating however. By this time point, virgins and mated females differ by 2,095 tags (Figure 

2). All but three of these tags have higher expression in the mated females (Figure 4E; 830 with a 

log2FC>4.0), and 646 tags are only found in the mated females. The gene ontologies associated 

with these differences include metal ion binding signal transduction, G-protein coupled receptor 

activity and transcription (Figure 9). We also see increased numbers of tags associated with 

translation (with much increased ribosomal activity; Figure 9).  

B. 
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Figure 9. GOs associated with the comparison of virgin head and four hour head tissues. A. shows 

only GO terms concerning “activity”, with remaining GO terms for this comparison shown in B.  

 

A. 
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Despite the big differences in head tissue gene expression following mating with reference to the 

control females, this did not translate into such a big difference across the two post-mating time 

points. A direct comparison of the two revealed a weaker pattern of differential expression, with 

44 differentially expressed tags identified (Figure 2). Of these 44 tags, 43 were also differentially 

expressed in the head and body comparisons of virgin and 30 minute females, with only one tag 

(a predicted but unannotated gene) having unique differential expression for this comparison 

(Figure 3).  All these tags showed higher levels of expression in four-hour post-mating females 

(Figure 4F). This places the expression profile of 30 minute post-mating females between that of 

virgin and four-hour samples. Of these 44 tags, 25 (56.82%) were only expressed in the four hour 

head tissues (16 had a log2FC>4.0). Gene ontology annotation could be assigned to 11 (25%) of 

the differentially expressed tags, covering 9 classes, with an additional tag annotated as a 

hypothetical protein (Figure 10). The GO classes of catalytic activity and mitochondrial activity 

were represented by more than one tag, although with a small number of tags having GO 

annotation it is difficult to draw firm conclusions. 
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Figure 10. GO for the comparison of 30 minute head and four hour body head samples. For this 

comparison all differentially expressed tags showed higher levels of expression in four hour head 

samples. This graph also includes the term “Hypothetical protein”, whilst it is not a true GO term, it 

was included information purposes. 

 

 

Comparison of gene expression in body tissues across treatments 

In contrast to the differences noted above for head tissues, there were fewer differentially 

expressed genes across treatments for the tissues found in the rest of the body (thorax plus 

abdomen; see Figure 2 & Table 3).  

 

First, comparing virgin bodies with 30 minute post-mating bodies, 215 tags were identified as 

differentially expressed, all of which showed higher levels of expression in the control females 

(Figure 4G). Of these 215 differentially expressed tags, 35 (16.28%) were only expressed in the 
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controls and 93 had a log2FC>4.0. Gene ontology classes could be assigned to 61 (31.16%) and the 

five most represented GO classes were: binding; structural constituent of ribosome; metal ion 

binding; protein binding; membrane protein (accounting for 34.43% of all DE tags with GO 

classification; Figure 11). 

 

There were no differentially expressed genes when we compared bodies from virgin and four 

hour post-mating females. This perhaps suggests that mating only temporarily interrupts 

ongoing processes of reproductive development (such as oogenesis). 

 

Between 30 minutes post-mating and four hours, some changes can be identified, with 81 tags 

showing differential expression (Figure 2). Consistent with the above, all 81 of these tags show 

higher levels of expression in four hour post-mating bodies (Figure 4H), following the dip in 

expression 30 minutes after mating (see Supplementary Table 4 for details of these 81 tags). Of 

these 81 tags, 12 show expression in four-hour post-mating females only, with a further 46 

having a log2FC>4.0. Gene Ontology classifications could be assigned to 29 tags (35.80%). The top 

five GO classifications were: protein binding; structural constituent of ribosome; GTP binding; 

hydrolase activity; metal ion binding (Figure 12). These tags account for 13 (46.43%) of all 

differentially expressed tags with GO annotation. 
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Figure 11. GO terms for the comparison of virgin body and 30 minute body samples. In this 

comparison all differentially expressed tags showed higher levels of expression in virgin body 

samples. Tags annotated as “Hypothetical protein” are included in this graph for information 

purposes even though this is not a true GO annotation. 
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Figure 12. GO from the comparison of 30 minute body and four hour body samples. All differentially 

expressed tags in this sample showed higher levels of expression in four hour body samples. The 

non-GO annotation “hypothetical protein” has been included for information purposes only. 
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4.4   Discussion  

Mating leads to significant changes in the transcriptomes of females of the parasitoid wasp 

Nasonia vitripennis. Using the digital gene expression technique of deepSAGE, we have identified 

patterns of differential gene expression associated with mating, patterns which change over time 

and differ across the female body. Differential expression is most commonly associated with 

more highly expressed tags in head tissues following mating. This compares to the virgin state, 

where most of the differential expression is associated with tags with higher expression in the 

body tissues. As may be expected, expression levels of 30 minute post-mating head and body 

samples were found to be generally intermediate between that of virgin and four-hour post-

mating females. 

 

Phenotypically, Nasonia females become rather different animals following mating. They lose 

receptivity to male courtship and are no longer attracted to male advertisement pheromones, 

they increase their willingness to fly, and they commence host-searching behaviour (Ruther et al. 

2007, Steiner and Ruther 2009). A series of reproductive decisions await them, including host-

choice, how many eggs to lay per host, and what sex ratio to produce (Shuker and West 2004, 

Shuker et al. 2005) N. vitripennis females are also largely synovigenic, eclosing without mature 

oocytes. Egg development can continue without mating though, since haplodiploid virgin 

females can still produce male offspring from unfertilised eggs. Thus processes associated with 

oogenesis will be on-going, although we do not yet know if mating accelerates egg development 

(if it does, our results suggests it does not involve changes in expression of vitellogenin). How 

does the transcriptome map to these phenotypic differences? 
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Generally, mating leads to a pattern of differential gene expression driven by higher levels of 

expression in head tissues (Table 3). This pattern of increased gene expression in heads is 

consistent with a previous study utilising microarrays in D. melanogaster (Dalton et al. 2010). 

However, we were able to identify many more differentially expressed tags at our earliest time 

point than their earliest time-point of 0-2 hours (650 tags in this study versus 237 genes from 

Dalton et al. 2010). This difference could either be biological, or a result of the greater sequencing 

depth of a tag-profiling analysis.  

 

Expressional changes occurring post-mating have been investigated at both whole body 

(Lawniczak and Begun 2004, McGraw et al. 2004, McGraw et al. 2008), and tissue specific (Mack 

et al. 2006, Kocher et al. 2008, Dalton et al. 2010) levels in A. mellifera and D. melanogaster. The 

gross patterns of expression post-mating remain similar across tissues with little evidence for 

conservation of the genes involved (Kocher et al. 2008). However, these studies, and indeed our 

own work here, highlight the importance of metabolism in post-mating responses, regardless of 

whether a tissue specific or whole body analysis has been utilised. Metabolism accounts for 

13.0% to 43.81% of genes with GO annotation found to be differentially expressed in these post-

mating response studies (McGraw et al. 2004, Mack et al. 2006, Kocher et al. 2008). This indicates 

a shift in metabolism and perhaps highlights the importance of nutrient use and storage in 

females when moving from a mating to fully reproductive egg-laying state. 

 

Interestingly, bodies (thorax and abdomen combined) showed only low levels of differential 

expression following mating. Here we were able to identify an initial dip in gene expression in 

bodies 30 minutes post-mating, followed by a resumption of something like the virgin state. It 
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has been suggested previously that virgin females of D. melanogaster are already prepared for 

mating (Mack et al. 2006), leading to a “focusing” of gene-expression immediately post-mating, 

followed by increases in gene expression by later time-points in the lower reproductive tracts of 

females. This dip in gene expression may allow for the down regulation of non-essential cellular 

and physiological functions as females transition from a virgin to mated state prior to the up 

regulation of energy demanding traits such as dispersal, host searching and egg laying. The 

pattern of differential expression we see here may also support this hypothesis, although later 

time-points would be required to verify that N. vitripennis shares the increases in gene expression 

in the abdomen seen in D. melanogaster. However, given that we expected to start to see 

physiological process associated with increased reproductive activity (such as oogenesis) being 

up-regulated, the lack of changes in body tissues was a surprise. However, perhaps mating itself 

is a less important cue in Nasonia, not least as mating typically occurs very soon after adult 

eclosion. As mentioned above, egg development does not require mating, unlike some other 

insects. Nutrition also might play a role, as we know that females need a protein meal in some 

cases to complete egg development (e.g. if there was strong larval competition: Rivero and West, 

2002, 2005). This meal is obtained by host-feeding, therefore inclusion of host-feeding and 

examination of later time points may test more rigorously the role mating has to play in other 

aspects of reproductive development. Examination of gene expression in reproductively mature 

and ovipositing females is currently underway (Pannebakker et al, in prep). 

 

At the gross-level, the patterns of expression we have observed here closely resemble those 

previously identified in both D. melanogaster and A. mellifera, with increasing gene expression in 

heads associated with increasing time since mating and a characteristic dip in expression 

followed by increases in gene expression after mating for body tissues. However, we see 
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important differences in the underlying gene classes that make up these changes in N. vitripennis. 

For instance, gene ontology classes considering immune function are up-regulated and enriched 

post-mating from early time-points in both D. melanogaster and A. mellifera (Lawniczak and 

Begun 2004, McGraw et al. 2004, McGraw et al. 2008, Kocher et al. 2010) but this is clearly not the 

case in our work. Insemination does not induce the up-regulation of the immune system to the 

same extent as seen in other organisms, although more time-points may reveal changes that 

occur later. In terms of the immune gene repertoire, Nasonia has between 149-176 genes. This is 

representative of what is known from A. mellifera, with a similar diversity of gene families and 

pathway components (although this repertoire is approximately half that seen in the mosquitos 

Anopheles gambiae and Aedes aegypti (Werren et al. 2010, see SOM). Wolfner (2002) noted that some 

male Acps may have dual functionality in D. melanogaster, with positive male effects such as Acp 

modification or anti-coagulation of seminal fluid (aiding sperm storage), that outside of the 

female reproductive tract can lead to immune responses that may in turn negatively influence 

female longevity. As such, mating may represent an important immune assault on a female fruit 

fly. However, since N. vitripennis females are for the most part monandrous (Shuker et al 2007 

Heredity), selection on such male antagonistic Acps that function in sperm competition may be 

weaker/ absent, and this may in turn cause male ejaculates of N. vitripennis to be less 

immunogenic towards females. 

 

Parasitoid venoms are known to induce a diverse array of physiological effects within their 

hosts, including inhibition of immune responses and increasing lipid levels in host haemolymph 

(Rivers 1995, 1999). N. vitripennis has 79 candidate venom genes, including a number of 

previously uncharacterised loci (Werren et al 2010, deGraaf et al. 2010). We predicted that post-

mating females would increase expression of venom proteins in their bodies in preparation for 
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the envenomation of hosts. We found no evidence for significant enrichment of venom proteins 

at the time-points tested. However we were able to identify 18 differentially expressed tags 

representing 14 genes with functional annotations of venom, or venom-like, proteins across 5 of 

our 9 comparisons (see Supplementary Table 5). For comparisons of head and body tissues from 

virgin and 30 minute treatments, differential expression was associated with up-regulation in the 

body tissues. Surprisingly there was also differential expression of venom proteins when 

comparing virgin and mated head tissues, with up-regulation occurring in post-mated female 

heads. The expression of venom genes in head samples is unexpected, but as some of these 

predicted venom proteins have unknown function (deGraaf et al. 2010), further investigation 

into their molecular activity may reveal a related function outside of venom. 

 

Our experiment has also suggested some changes in gene expression in the important Juvenile 

Hormone and dopamine pathways, although only a couple of loci were involved 

(Supplementary Table 6). Studies in A. mellifera queens have shown that dopamine levels 

decrease in females after mating (Harano et al. 2005), and in D. melanogaster dopamine depletion 

is thought to render virgin females unreceptive to males (Neckameyer 1998). These studies may 

indicate a role for dopamine depletion in female receptivity loss after mating. Similarly, JH 

influences the post-mating response of increased egg production in D. melanogaster, and has been 

shown to be stimulated directly by sex peptide in mated females (Moshitzky et al. 1996). Here we 

found evidence for the metabolism of dopamine and JH into functional (dopamine to 

norepinephrine) and non-functional (JH to metabolites) metabolic products. The membrane 

bound nature of these enzymes may aid in the compartmentalisation of these key hormones 

(Wojtasek and Prestwich 1996). Vitellogenin is also important in insect post-mating physiology, 

and contrary to predictions was found to show differential expression in several comparisons 
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considering head samples (see above). Whilst it is difficult to draw conclusions as to how these 

proteins are functioning from our study, the importance of metabolic changes can at least be 

tentatively inferred.   

 

Four of the nine comparisons in this study also revealed differentially expressed tags associated 

with Odorant Binding Protein (OBP) GO annotations, with the suggestion that the profile of 

OBPs changes after mating. Across comparisons comparing heads and body tissues within 

treatments, there were 18 tags representing eight genes (Supplementary Table 7) associated with 

the GO of OBP; all were up-regulated in the heads compared to bodies, with evidence for 

enrichment in post-mating heads (Comparison 2: Pearson’s Chi-square = 8.536, DF = 1, p = 0.003, 

Comparison 3: Pearson’s Chi-square = 36.735, DF = 1, p <0.001). Four hours after mating, head 

tissues contained seven OBPs up-regulated when compared to the virgin state. Whilst there is 

some overlap in the OBPs showing differential expression for comparisons comparing heads and 

body tissues within treatments and the comparison of virgin and four hour heads 

(Supplementary Table 7), there is also some evidence for a change in the OBP profile following 

mating.  

 

We were also able to identify the differential expression of G-protein coupled receptors (GPCRs) 

across two of our treatment comparisons, which is interesting as it not only hints at increases in 

cellular and neurological signalling, but because of their function in olfaction and female 

receptivity. GPCRs are large transmembrane proteins which lead to signal transduction upon 

activation (Gilman 1987, Millar and Newton 2010). Whilst a large proportion of the GPCRs 

identified in this study appear to function in phototransduction (Supplementary Table 8), the 
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remaining GPCR genes identified have the potential to operate in olfaction or pheromone 

signalling. We were able to identify genes falling into two of the three broad classes of GPCR. 

Class-1, rhodopsin-like GPCRs are by far the largest class, with over half believed to function as 

olfactory receptors (Foord et al. 2005, Millar and Newton 2010). In the comparison of head 

tissues from virgin and 30 minute post-mating females we were able to identify one gene 

(‘similar to GA12373-PA’) belonging to this class of GPCR, however this gene still lacks specific 

functional annotation. This gene has higher levels of expression in heads 30 minutes after 

mating. On the other hand, a GABA-B receptor subtype 1 GPCR was found to be up-regulated in 

virgin head samples. Four hours after mating, we identified a further five differentially 

expressed class-1 GPCR genes. These seven genes are mainly putative photosensitive opsins and 

hormone receptors; all show up-regulation in heads following mating (Supplementary Table 8). 

Two further GPCR genes were up-regulated four hours after mating in heads. These fell into 

class-3 GPCRs or metabotropic receptors, which function in metabotropic glutamate/ pheromone 

signalling processes, believed to be associated with behavioural (and mood) regulation 

(Bjarndottir et al. 2005). 

 

As mentioned, Nasonia females are typically monandrous, mating once when they emerge from 

the host puparium as adults, before dispersing to find hosts for oviposition (Whiting 1967, van 

den Assem and Beukeboom 2004). However, there is segregating variation in willingness to re-

mate in populations (Shuker et al. 2007a), female multiple mating (polyandry) has been shown to 

evolve in the laboratory (Burton-Chellew et al 2007), and there is some evidence for limited 

polyandry in the wild (Grillenberger et al 2008). In N. vitripennis, female receptivity loss 

following mating is considered to be driven by post-copulatory courtship and not the transfer of 

sperm or accessory proteins (van den Assem and Jachmann 1999, Ruther et al. 2010). For 
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instance, females which have been mated and received post-copulatory courtship are less likely 

to mate again compared to virgin females (Shuker et al. 2007a) and females which have mated, 

but do not undergo post-copulatory courtship, are more likely to re-mate than females which 

have received post-copulatory courtship (van den Assem and Jachmann 1999). Further to this, 

courted females which were not allowed to copulate and then re-courted by a second male, also 

became unreceptive (van den Assem and Jachmann 1999). This indicates that it is post-

copulatory courtship, and not copulation and insemination, which modulates female receptivity. 

The basis of this change is not currently known, although male mandibular pheromone 

production during courtship seems necessary to make a female receptive to mating in the first 

place (van den Assem and Visser 1976) and for some post-mating changes in behaviour (such as 

attraction to male advertisement pheromones: Ruther et al 2010). The post-mating loss of 

receptivity may also be influenced by a mechanism associated with male pheromone release 

during copulatory courtship. Whatever the mechanism, given the absence of evidence for 

homologs of sex peptide or its receptor in N. vitripennis (Werren et al. 2010), an alternative 

mechanism for control of female receptivity is at work in Nasonia. One intriguing possibility is 

that pheromones released by males during courtship act upon a similar pathway to that seen in 

D. melanogaster. The sex peptide of D. melanogaster is referred to as a peptide-pheromone (Kubli 

and Paul 1996, Ottiger et al. 2000, Saudan et al. 2002) based on the definition of Karlson and 

Lüscher (1959), and leads to many post-mating changes in females once bound to the G-protein 

coupled receptor sex-peptide receptor (SPR) (Yapici et al. 2008). The sex peptide pathway may 

therefore reflect that of an olfactant signalling through an olfactory receptor. 

 

The potential importance of male pheromones for both initiating and perhaps down-regulating 

female receptivity either side of mating, combined with the need for mated females to begin to 
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engage in dispersal and host finding behaviour, would suggest that olfaction has multiple roles 

in female reproduction. Certainly females olfactory preferences change before and after mating, 

with females initially preferring male attraction pheromones before mating, to the smell of 

rotting meat often associated with their favoured hosts after mating (Wylie 1958, Ruther et al. 

2007, Ruther et al. 2010). As such, the changes in the differential expression of odorant binding 

proteins and the enrichment of some of these genes we observed over time may provide some 

mechanistic link to the behavioural differences. Across the N. vitripennis genome 90 odorant 

binding proteins (OBPs) have been identified, over four-fold more than have been previously 

found in A. mellifera (Werren et al. 2010), as well as 225 odorant receptor genes (Robertson et al. 

2010), again more than honeybees, Drosophila (Gardiner et al. 2008) or species such as the pea 

aphid (Smadja et al. 2009), perhaps confirming that olfaction plays an important role in N. 

vitripennis behaviour and physiology.  

 

Finally, we have observed here how mRNA transcript abundances vary over time and across 

virgin and post-mating states. It has previously been noted in yeast that mRNA transcript 

abundances do not always correlate well with changes in corresponding protein abundances 

(Gygi et al. 1999, Griffin et al. 2002). However, as we have utilized high-throughput sequencing 

in order to determine how mRNA expression alters we should gain a more quantitative 

overview of relative mRNA expression than that reported from earlier techniques. Combined 

with the log fold changes in gene expression observed between samples (Supplementary Figure 

1); we are confident that the mRNA transcriptome changes we see here reflect, to some degree, 

alteration in corresponding protein abundances. 
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4.5    Supplementary Information i– Additional tables and figure 

 

Here we provide additional tables and figures to support the main body of work of Chapter 4. 

 

Supplementary Table 1: The Illumina sequencing 

platform used for each of our 12 libraries 

Samples Platform 
30 minute mated bodies   GaIIx  
30 minute mated heads  GaIIx  
30 minute mated bodies  GaII  
30 minute  mated heads  GaII  
4 hour mated bodies  GaII  
4 hour mated heads  GaII  
4 hour mated bodies  GaII  
4 hour mated heads  GaII  
Virgin bodies  GaIIx  
Virgin heads  GaII  
Virgin Bodies  Gall  
Virgin heads  GaIIx  

 

 

 

Supplementary Table 2: High abundance null tag sequences (where reads across the 12 libraries is 

>10,000) are accounted for by adapter sequences. The percentage in brackets refers to the 

proportion of the total number of tags/reads from all null sequences. Adapter sequences account for 

a total of 8,349,945 reads (70.01% of all null reads and 95.56% of all high abundance null reads). 

Adapter  Adapter Sequence  Number of Tags  Number of reads  
NlaIII gex adapter 1 p  TCGGACTGTAGAACTCTGAAC  10 (0.07%)  7,019,036 (58.85%)  
NlaIII gex adapter 2 p  TCGTATGCCGTCTTCTGCTTG  5 (0.036%)  1,330,909 (11.16%)  
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Supplementary Table 3: The distribution of anti-sense tags associated with a sense/antisense 17bp apart (+/-) 

pair, believed to be a form of sequencing error. Also shown are the numbers of tags (and reads) associated 

with tags that have a total read count less than 1 (and 10) across all 12 samples when considering only those 

tags which do not form part of a +/- pair. Finally the total error and percentage error calculated from the 

combination of columns A and D (see table). 

 
Total  

In +/- pair    

              (A)  
Not in +/- 

pair           (B)  
Read count 

<=1          (C)  
Read count 

<=10        (D)  
Error       

         (A+D)  
% Error  
       (A+D)  

Tags  78,981  30,945  48,036  11,990  30,963  61,908  78.38%  
Reads  32,446,338  26,863,597  5,582,741  11,990  43,356  26,950,865  83.06%  

 

 

 

Supplementary Table 4. 28 genes with annotation in the comparison of 30 minute vs. 4 hour bodies. Of the 

remaining 53 tags, 17 map to a region with no predicted gene, 30 map to a predicted gene and six show 

homology to genes in D. melanogaster or A. mellifera. Blank log2FC rows indicate the tag was only present in 

four hour bodies.  
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Supplementary Table 4. 

Rank /81  NCBI Ref  Annotation  GO  log
2
FC  

5 XP_001605832.1 Hypothetical protein  4.62 
7 XP_001607367.1 Similar to immune reactive putative protease inhibitor Peptidase activity 3.91 

10 XP_001605295.1 Similar to CG5206-PA Binding  

16 NP_001155014.1 Serine protease 96 (SP96) Hydrolase activity 4.08 
22 XP_001606808.1 Similar to ribosomal protein L36 Structural constituent of ribosome 4.43 
25 XP_001605642.1 Similar to ribosomal protein L12 Structural constituent of ribosome 3.79 
26 XP_001608255.1 Similar to Si:ch211-191d15.2 Metal ion binding 3.71 
29 XP_001607553.1 G-protein-coupled receptor Transmembrane receptor activity 4.91 
32 XP_001606165.1 Hypothetical protein  3.57 
33 XP_001607806.1 Phosphatidylinositol transfer protein Transporter activity 4.44 
38 XP_001605106.1 Similar to multisynthetase complex Protein binding 4.30 

40 XP_001599398.1 Similar to ENSANGP00000021673 mRNA binding  

41 NP_001155064.1 Eukaryotic translation initiation factor Transferase activity 3.63 
44 XP_001607692.1 Similar to Sorting nexin-13 Signal transducer activity 4.06 
47 XP_001601356.1 Similar to conserved hypothetical protein  4.53 
48 XP_001607987.1 Similar to endothelial precursor protein B9 Protein binding 3.18 
50 XP_001606669.1 Similar to ENSANGP00000011584 Phosphatase activity 4.69 
54 NP_001123273.1 Solute carrier family 17-like Transporter activity 7.70 
55 XP_001601829.1 Exosome complex exonuclease Ribonuclease activity 4.46 
57 XP_001605674.1 Similar to ribosomal protein S20 Structural constituent of ribosome 3.29 
59 XP_001606896.1 Similar to mediator complex, subunit, putative Transcription regulation activity 3.53 
65 XP_001600744.1 Similar to sphingomyelin phosphodiesterase Hydrolase activity 5.70 
69 XP_001606067.1 Hypothetical protein  3.93 
74 XP_001604105.1 Endonuclease mitochondrial Metal ion binding 6.93 
76 XP_001604266.1 Aspartyl-trna synthetase Ligase activity 4.60 

77 XP_001604213.1 Similar to ras GTP binding  

80 XP_001599430.1 Similar to CNOT1 Protein binding 5.79 
81 NP_001165813.1 Cytochrome c oxidase subunit Vb Oxidoreductase activity 3.12 
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Supplementary Table 5. Genes related to Juvenile Hormone (JH) show differential expression across a number of 

treatments (Comparison 1 – virgin heads vs. Bodies, Comparison 2 – 30 minute heads vs. bodies, Comparison 4 – 

Virgin vs. 30 minute heads, Comparison 5 – virgin vs. 4 hour heads).    

Juvenile Hormone related genes NCBI ref. Comparison 

1 
Comparison 

2 
Comparison 

4 
Comparison 

5 
Juvenile hormone inducible-like 
protein NP_001162025.1 2 1 0 1 

Similar to Juvenile hormone-

inducible protein XP_001601411.1 2 0 0 1 

Similar to Juvenile hormone-

inducible protein XP_001605952.1 3 0 0 0 

Juvenile hormone epoxide 

hydrolase NP_001128399.1 0 0 1 0 
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Supplementary Table 6. Genes related to venom show differential expression across a number of sample comparisons. (Comparison 1 – virgin heads vs. Bodies (all genes 

over expressed in virgin bodies), comparison 2 – 30 minute heads vs. bodies (all over expressed in 30 minute bodies), comparison 4 – virgin vs. 30 minute heads (all over 

expressed in 30 minute heads), comparison 5 – virgin vs. 4 hour heads (all over expressed in 4 hour heads), comparison 6 – 30 minute vs. 4 hour heads (all over 

expressed in 4 hour heads)). 

Gene NCBI Ref Comparison 1 Comparison 2 Comparison 4 Comparison 5 Comparison 6 
Similar to venom acid phosphatase XP_001607714.1 1   1  
IG-like venom protein XP_001608198.1 1     
Similar to venom carbohydrate-rich protein XP_001602538.1    1  
Venom protein Q NP_001155161.1 1 1  1 1 

Cysteine-rich/KU venom protein NP_001154998.1    2  
Venom acid phosphatase-like NP_001155147.1 2 1  1  
Venom protein r-like protein XP_001607547.1    1  
GOBP-like venom protein NP_001155150.1 1     
Glucose dehydrogenase-like venom protein XP_001600775.1 1     
Glucose dehydrogenase-like venom protein XP_001601847.1 1     
Venom protein Y NP_001155168.1 1     
Gamma-glutamyl transpeptidase-like venom protein 2 XP_001604839.1 1     
Venom protein X NP_001155167.1 1     
Venom protein D XP_001607314.1 2  1   
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Supplementary Table 7. OBP show differential expression across a number of treatments (Comparison 1 – 
virgin heads vs. Bodies, Comparison 2 – 30 minute heads vs. bodies, Comparison 3 – 4 hour heads vs. bodies, 
Comparison 5 – virgin vs. 4 hour heads).    

OBP related genes  NCBI ref.  Comparison 1  Comparison 2  Comparison 3  Comparison 5  
Antennal protein 
LAP  XP_001607667.1 1 1 1 0 
Olfactory binding 
protein ASP1  XP_001600769.1 0 3 1 0 
Olfactory binding 
protein 56e  XP_001601290.1 0 0 1 1 

OBP Agam OBP26 XP_001600963.1 0 0 1 1 
Similar Olfactory 
binding protein 1  XP_001603472.1 1 2 2 0 
Similar Olfactory 
binding protein 1  XP_001600607.1 2 0 1 0 
Similar Olfactory 
binding protein 1  XP_001601182.1 0 0 0 3 
Similar Olfactory 
binding protein 1  XP_001603479.1 0 1 0 0 
Similar Olfactory 
binding protein 3  XP_001600573.1 0 0 0 1 
Similar Olfactory 
binding protein 13  XP_001606346.1 0 0 0 1 

 

 

 

Supplementary Table 8. The differentially expressed G-protein coupled receptors 
(GPCRs) across two of our treatment comparisons (Comparison 4 and comparison 
5) and the GPCR class they belong to (Class 1 - rhodopsin-like, Class 3 - 
metabotropic receptors). 

G-Protein Couple receptor  NCBI ref.  GPCR class  
Comparison 4 – Virgin Vs. 30 minute heads   

Metabotropic GABA-B receptor subtype 1  XP_969361.1  3  
Similar to GA12373-PA  XP_001606361.1  1  
Comparison 5 – Virgin Vs. 4 hour heads   

Metabotropic GABA-B receptor subtype 2  GB13604-PA  3  
Similar to CG15274-PA  XP_001605283.1  3  
Rhodopsin 6  GB19336-PA  1  
Similar to blue-sensitive opsin  XP_001604622.1  1  
Moody  GB16773-PA  1  
similar to ENSANGP00000026789  XP_001607771.1  1  
similar to ultraviolet-sensitive opsin  XP_001608074.1  1  
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Supplementary Figure 1. The percentage of tags across the 9 sample comparisons which fall into 

each class of the log2FC categories. This figure only represents tags which were expressed in both 

samples from each comparison  

 

 

 

Data Accessibility 

All raw data files have been submitted to and accepted by EMBEL-EBIs Array Express Archive, a 

database of functional genomics, including gene expression experiments. The data submitted to 

this archive meets MIAME and MINSEQE standards and can be downloaded from this site 

(http://www.ebi.ac.uk/arrayexpress/). Our experimental gene expression data and the read files 

were transferred to the sequence read archive as of the 08.05.2011, and are due to be released for 

access on the 30.08.2012. This release date can be amended to fit in line with the publication of 

this article. Submission accession number: E-MTAB-531, Submission name: Gene expression 

differences between mated and virgin females of Nasonia vitripennis 
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4.6   Supplementary Information ii– Re-analysis of data using DESeq v.2.9 

 

Prior to the analysis of the RNAseq data of chapter 5 a new version of DESeq (v.2.9) became 

available. This latest version of DESeq has a number of new features not available in v.1.1.9 used for 

the analysis of the tag-seq data of this chapter (Supplementary Table 9). We re-analysed our tag-seq 

data with this updated version of DESeq in order to discover how, if at all, the call of differential 

expression differed between the two versions of DESeq. Using the latest version of DESeq we 

identified fewer differentially expressed tags than with the previous version. We also observed that 

different DESeq parameters alter the extent of the reduction in the call of differential tag expression. 

The tag-seq data of this chapter, however, could not be used in conjunction with all of the default 

parameters of the latest version of DESeq. Due to an inability to determine which parameters were 

“best” fitting the data we reported the results of the previous version in the main text of this 

chapter, and report here the differences observed when applying different DESeq v.2.9 parameters 

to this dataset. We also suggest that the differences in the call of differential expression may be a 

result of using two biological replicates which may not be sufficient to adequately determine 

differential expression between treatment samples. The library sizes at the time of sequencing of 

the tag-seq data are also approximately half of those obtained for our RNAseq experiment of 

Chapter 5. This may also impact on our ability to accurately determine significant variation from a 

noisy background of stochastic gene expression. 

 

4.6.1   DESeq v.2.9 parameters 

Parameter 1: Method 

In order to call differential expression between treatments DESeq first normalises gene expression 

dependent upon the total library size of each sample replicate (This normalisation is sufficient as we 
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are only comparing each gene’s expression to itself across samples and not the expression between 

genes. In the latter case we would need to consider the bias caused by the variation in gene length 

leading to an increased likelihood of a longer gene being sequenced more frequently than a shorter 

gene). After this library size adjustment DESeq considers the dispersion or variation of expression of 

a gene across all samples. The parameter Method allows this to be done in a “pooled” or “per-

condition” fashion. Pooled dispersion is the default parameter setting for DESeq v.2.9. Using this 

parameter of Method a single dispersion estimate for each gene is generated across all samples in 

the analysis. Previously in v.1.1.9 the parameter per-condition was used to estimate the dispersion. 

In this case a dispersion estimate would be generated for each treatment type being analysed. This 

means that in the comparison of two treatments a dispersion estimate would be generated for each 

gene in each group of replicates being compared (i.e. two dispersion estimates per gene).  

 

Parameter 2: Fit-type 

The parameter of Fit-type describes the way in which DESeq fits the relationship between the mean 

and the dispersion to produce a fitted dispersion estimate for each mean count value (red line in 

Supplementary Figure 2). Here two settings can be used; “Local” Calculates the dispersion for genes 

with similar expression strengths, and “parametric”, which uses a robust gamma-family generalised 

linear model to model the relationship between the mean and the dispersion. Previously in DESeq 

v.1.1.9 local was the default parameter setting, with parametric being default for the latest version 

(Supplementary Table 9). The two replicates of the tag-seq data of this chapter do not allow for the 

use of the parametric parameter when fitting the dispersion estimates across the data, and so the 

previous parameter setting of local is used.  
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Parameter 3: Sharing mode 

Once the dispersion for each gene has been estimated we can produce plots as in Supplementary 

Figure 2, where we plot the mean expression against the per gene dispersion estimate. A fitted 

dispersion estimate can then be calculated for each count mean (the red line in Supplementary 

Figure 2). In DESeq v.1.1.9 the Sharing mode parameter of “fit-only” was used to assign a dispersion 

estimate to each gene. In this case each gene would be assigned the fitted dispersion value for the 

calculation of differential expression. The latest version of DESeq recommends the use of the 

Sharing mode parameter “maximum”. This parameter means that for each gene the largest 

dispersion value available will be used to work out the differential expression of that gene. I.e. for all 

mean count values below the fitted dispersion values the fitted value would be used and for all 

values above the fitted line these larger values would be used. This parameter is recommended as 

using too low a dispersion estimate can lead to increases in the number of false positives identified 

in the call of differential gene expression. They suggest that many of the dispersion values below the 

fitted red line will be underestimates of the dispersion and so by using the fitted line we will reduce 

the number of false positives identified. This function remains the same for both parameter settings 

of sharing mode. DESeq go on to discuss that not all dispersion values above the red fitted line will 

be overestimates of the dispersion, and so the most conservative way in which to call differential 

gene expression will be to use the largest dispersion estimate available for each gene. The sharing 

mode parameter of maximum is default in the latest version of DESeq, in previous versions, fit-only 

was the default setting. DESeq suggest that maximum allows for more conservative calling of 

differential gene expression and makes DESeq more robust against variance outliers.  
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4.6.2   Re-analysis of tag-seq data with DESeq v.2.9 

In this chapter we considered the differential expression between 12 post-mating samples using 

nine pair-wise comparisons within DESeq v.1.1.9. For this analysis the default parameters of per-

condition, local and fit-only were used (see above and Supplementary Table 10). We began the 

re-analysis of our tag-seq data with DESeq v.2.9 by re-considering these same default parameters 

(Supplementary Table 10). This analysis revealed a reduction in the call of differential expression 

across the nine pair-wise comparisons tested of between 7.23-87.45%. We conclude that 

additional improvements have been utilised in this current version of DESeq when calling 

differential gene expression. Overall the conclusions and patterns of expression, as discussed in 

the main body of Chapter 4, remain largely the same.  

 

We further wanted to investigate how using the more conservative default parameter settings of 

DESeq v.2.9 influenced the call of differential tag expression between our 12 samples. As 

discussed previously, the default parameter setting of “parametric fit” could not be utilised with 

our tag-seq experiment, most likely due to only having two biological replicates per treatment. 

We therefore used the parameters of pooled, local and maximum to test for differential 

expression (see above and Supplementary Table 10). Using these new parameters we were able 

to identify the differential expression of 1,181 tags across three of the nine pairwise comparisons 

(P<0.0498, Supplementary Table 10 and Supplementary Figure 3). Analysis with the latest 

version of DESeq, then, removes the finding of differential expression from five of the eight 

analyses previously associated with the differential expression of genes as reported in the main 

body of this chapter (Supplementary Table 10). 
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Most strikingly in the comparison of virgin head and four hour head samples the 2,095 tags 

previously identified to be differentially expressed failed to be called as significantly 

differentially expressed when using the more conservative parameter settings of DESeq v.2.9. We 

investigated further why this disparity in the call of differential expression may have arisen. We 

first considered the residual variance output of DESeq (variance of tag counts between 

replicates) of the two treatments, as tags with high residual variances should be treated with 

caution as they likely represent outliers within the data. Discussion amongst the DESeq 

community suggested a residual variance cut-off of 10, which we had considered previously in 

our analysis of the DESeq v.1.1.9 output. Using this cut-off we only identify 3 and 2 tags with a 

residual variance larger than 10 in virgin and four hour head samples respectively. We further 

considered the log10 fold change differences of the raw counts of tags between the sample 

replicates (Supplementary Table 11). In this way we identified that the four hour sample 

replicates were highly variable in the counts of tags which were called as differentially expressed 

between replicates. We were also able to identify a large proportion of samples which had a 

count of 0 in one sample and a count value in the other. The variability between sample 

replicates must therefore be dealt with much more conservatively in the latest version of DESeq.  

 

We also considered the way in which the different parameter settings of DESeq are fitting the 

relationship between the mean and the dispersion in the comparison of virgin and four hour 

head tissues. In Supplementary Figure 4 we show a series of three graphs representing the two 

parameter settings we considered in DESeq v.2.9. From these graphs it is clear that the tag-seq 

data has not fitted well to the underlying model (fitted red line). This is particularly clear when 

comparing this figure to Supplementary Figure 2. This latter dispersion graph was generated 

from the 39 samples of our RNAseq experiment of Chapter 5. In this figure the data has fitted 
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well to the DESeq model, and is as expected from the DESeq vignette. In Supplementary Figure 5 

we show the equivalent plots from DESeq v.1.1.9 for virgin and four hour head tissues. These 

plots appear to be fitting the data better however there are still a large proportion of tags falling 

below the fitted line.  

 

Discrepancies in the call of differential expression between the two versions of DESeq appear to 

have arisen due to the variability of tag counts between replicates. In future experiments larger 

numbers of replicates and increased library sizes will help to overcome the issues we have 

uncovered here. Because of the uncertainty surrounding the manner in which the tag seq data is 

being fitted by the various parameter models and time constrictions towards the end of my PhD 

we have maintained the original analysis of this chapter using DESeq v.1.1.9. Whilst these results 

should be treated with some caution it is encouraging that they correspond well with the results 

of Chapter 5, especially in terms of the gene ontologies found to be up-regulated and our theory 

for lack of male control over female gene expression within body tissues (see Chapter 5). 

 

Supplementary Table 9. Two different version of DESeq have been used to analyse 

the tag-seq and RNAseq data of this thesis. For each of the versions used different 

default parameter settings were used and are outlined here. See the main text for 

details of these parameter settings. 

DESeq version Method Fit-type Sharing Mode 

v.1.1.9 Per-condition Local Fit-only 

v.2.9 Pooled Parametric Maximum 
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Supplementary Table 10. For the analysis of the tag-seq data of this chapter we considered the 

differential expression reported by two versions of DESeq using different parameter settings. The 

results of DESeq v.1.1.9 are discussed in detail in the main text of chapter 4. We also show here the 

number of differentially expressed tags when using DESeq v.2.9 using two sets of parameters, where 

PerC represents the parameter per-condition, and Max is the parameter of maximum. For full details 

of these different parameter settings please see the “DESeq v.2.9 parameters” section from the 

supplementary Information of this chapter. 

Comparison of 
DESeq v.1.1.9 

PerC_local_fit-only 
DESeq v.2.9 

PerC_local_fit-only 
DESeq v.2.9 

Pooled_local_Max 

Virgin Heads Vs. Virgin Bodies 1,603 1,487 320 
30 min Heads Vs. 30 min Bodies 1,295 1,201 726 

4 hr Heads Vs. 4 hr Bodies 239 30 0 
Virgin Heads Vs. 30 min Heads 650 585 319 

Virgin Heads Vs. 4 hr Heads 2,095 1,823 0 
30 min Heads Vs. 4 hr Heads 44 36 0 

Virgin Bodies Vs. 30 min Bodies 215 151 0 
Virgin Bodies Vs. 4 hr Bodies 0 0 0 
30 min Bodies Vs. 4 hr Bodies 81 47 0 

 

 

Supplementary Table 11. When considering the raw count data between the replicates of virgin head 

and four head tissues we found four hour head replicates to be highly variable. Below we show for 

each pair of replicates the number of tags which had a count of zero in one replicate, and the number 

of tags which had a log10FC>1 or 2 between the two replicates. For virgin head tissues 918 tags had a 

log10 fold change between 0-1, in four hour tissues the number was 236 tags. For virgin tissues 646 tags 

had a count of zero in both replicates, no such cases were present in the four hour tissues called as 

differentially expressed in this comparison. 

 For one replicate 
Count = 0 

>10 fold change 
(log10FC>1) 

>100 fold change 
(log10FC>2) 

Virgin replicates 477 52 2 
Four hour replicates 847 950 62 
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Supplementary Figure 2. For each genethe empirical (black) and fitted (red line) dispersion values 

are plotted against the mean expression strength. 
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Supplementary Figure 3. When using DESeq v.2.9 with the parameter settings of pooled, local and 

maximum we were able to identify the differential gene expression of 1,181 genes across three of 

the nine pairwise comparisons tested. Here we show the overlap of the differentially expressed 

genes across these three pair-wise comparisons.  
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Supplementary Figure 4. We considered the differential expression between virgin head and 4 hour head tissues using different sets of parameters in 

DESeq v.2.9. For each set of parameters we show the dispersion plots where the per-gene dispersion estimates are plotted against the mean gene counts. 

The black dots represent the empirical dispersion values and the red line the fitted values. Whilst neither of these parameter settings is fitting the data 

particularly well, the Pooled_local_maximum settings appear to be fitting the data slightly better. When using the parameter settings Per-

Condition_local_fit-only we generate two dispersion estimates per tag (one for each treatment being tested), producing two separate dispersion graphs. 
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Supplementary Figure 5. Using DESeq v.1.1.9 for the analysis of differential gene expression we 

generated the following plots when fitting the relationship between the mean and the variance of 

each tag in the comparison of virgin and four hour head tissues. These graphs are density dependent 

where dark blue areas indicate a larger proportion of tags than paler areas. Black dots represent a 

single tag with that dispersion-mean relationship. The red line represents the fitted dispersion 

estimates. 
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The Role of Male Courtship in Changes in Female Reproductive Physiology in 
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Mains Road, Edinburgh, EH9 3JT, U.K. 
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3. School of Biology, University of St Andrews, Harold Mitchell Building, St Andrews, Fife, KY16 
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5.0   Abstract 

Mating induces many changes in female insects both behaviourally and physiologically. These 

changes can be induced through mechanisms that have evolved as a result of sexual conflict, 

when male and female interests over mating diverge, or as a result of sexual cooperation, where 

the male and female have shared reproductive goals. In Nasonia vitripennis females generally 

only mate once, and undergo loss of receptivity to further matings shortly after copulating. It has 

been shown that post-copulatory courtship is important for inducing female receptivity loss, 

however, as we suggest in Chapter 3 of this thesis, variation in receptivity loss may be primarily 

associated with the female. Here we wanted to determine the gene and gene networks associated 

with the various aspects of courtship and mating in the female. To do this we considered the 

quantitative changes occurring in female gene expression in response mating using the 

transcriptomic approach of RNAseq.  We focus on the reproductive physiology of female body 

tissues (comprising the abdomen and thorax). We were unable to identify any significant 

influence of courtship or copulation on gene expression in body tissues 30 minutes or 24 hours 

after courtship or mating. Time since-courtship/mating however was associated with a large 
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number of differentially expressed genes. Additionally, by using several different models to test 

for differential gene expression, we were able to find suggestive evidence of an interaction 

between aspects of mating and time since-courtship/mating. We discuss our results in terms of 

the apparent limited extent of male control over post-mating gene expression and physiological 

changes in female body tissues. 

 

5.1   Introduction 

Reproduction in insects requires co-operation between a mating pair, from the initiation of 

courtship and copulation (Wolfner 2009), through to a variety of post-mating responses such as 

sperm storage, fertilisation and oviposition (Kaufmann and Demerec 1942, Wolfner et al. 2005, 

den Boer et al. 2008). The evolutionary interests of males and females can diverge, however, 

leading to sexual conflict over aspects of reproduction (Parker 1979). Such an outcome is thought 

to be inevitable as male and female evolutionary interests rarely completely coincide (Hosken 

and Stockley 2005), although in true monogamy male and female interests should closely align 

(Holland and Rice 1999, Rice and Holland 2005, Schrempf 2005). Conflict can arise across several 

aspects of mating and reproduction including: mate choice, i.e. over who to mate with; mating 

frequency; male paternity, considering sperm competition and mate guarding (and so related to 

the exercising of mate choice); cryptic female choice; parental investment in offspring 

(Laaksonen and Lessells 2006, Parker 2006, Parker and Pizzari 2010). However, in monandrous 

species, such as Nasonia vitripennis, there may be less opportunity for conflict to arise due to 

limited (post-copulatory) competition between males (see Wiklund et al. 2001 for a discussion of 

conflict vs. cooperation in butterflies). 
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To date much of the focus of conflict over reproduction in insects has centred either on 

behavioural conflicts over mating frequency (including coercion by males of females into mating, 

or various forms of mate guarding: Alcock 1994, Clutton-brock and Parker 1995, Eberhard 1996, 

Arnqvist and Rowe 2005) or on seminal proteins passed by the male to the female in the ejaculate 

(Kubli 2003, Collins et al. 2006, Dottorini et al. 2007). In terms of the latter, most work has been 

done on a class of proteins known as accessory gland proteins (Acps). Such Acps are now known 

to be passed by males to females during copulation in a growing number of insect species, 

including as Drosophila melanogaster, Apis mellifera, Anopheles gambiae and Aedes egypti (Ottiger et 

al. 2000, Kubli 2003, Collins et al. 2006, Dottorini et al. 2007, Wolfner 2009). Several of these Acps 

are thought to be evolving under sexual conflict (Wolfner 2009), for instance through inducing 

costs of mating such as decreases in female longevity, which could be caused by inducing 

increases in female egg production (Wolfner 2009), by being immunogenic or by simply being 

toxic to the female (Lung et al. 2002). Toxicity is likely a by-product of Acps functioning outside 

of the female reproductive tract, where an Acp may have a positive effect within the female 

reproductive tract but a toxic effect once it enters into the haemolymph of the female (Lung et al. 

2002). Not all Acps need be sexually antagonistic though; Wolfner (2009) suggests that such 

molecules may be as much engaged in an evolutionary “ballet” between the male and female, 

with each partner evolving, in turn, the next step towards a shared goal, rather than being 

involved in an antagonistic conflict. However, why there should be so many “steps” to the ballet 

remains an open question. 

 

However, clearly not all signals that pass between males and females before, during or after 

mating are associated with the ejaculate. For instance, in Nasonia, we know that aspects of 

courtship, including pheromone transfer, are associated with changes in female behaviour and 
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might represent attempts by males to control female reproductive physiology (reducing female 

receptivity for example: van den Assem 1976, van den Assem and Jachmann 1999, Shuker et al. 

2007a and Chapters 3 & 4). Given the lack of prolonged behavioural interactions and lack of 

evidence for forced copulation in Nasonia (see Chapter 3), courtship and copulation may well be 

the only opportunity for males to influence females. That said, as Nasonia are generally 

monandrous (again see Chapter 3), we might expect there to be less (or even no) conflict between 

males and females, with males under less/no selection to manipulate female physiology and 

behaviour. As such we have already suggested in the previous chapters of this thesis that for 

Nasonia, physiological and behavioural changes post-mating may be less dependent upon 

components of the ejaculate than seen in species such as D. melanogaster (Ottiger et al. 2000, Kubli 

2003, Heifetz et al. 2005) or indeed on other signals passed during mating. The lack of a change 

in gene expression associated with the immune system is also consistent with mating not being 

immunologically costly to females in Nasonia, unlike other insects (e.g. (Mack et al. 2006, 

Innocenti and Morrow 2009) 

 

Here we consider the influence of male courtship and copulation on female post-mating 

physiology, as evidenced by the transcriptome, in more detail. Importantly, in Nasonia we have 

an opportunity to manipulate different components of male courtship and copulation by 

disturbing matings at each phase of the overall behavioural repertoire (see below). For this 

experiment, we focus on gene expression linked to the reproductive physiology of body 

(abdomen and thorax) tissues, and hope to identify changes in gene expression linked to 

pathways involved in egg maturation, fertilisation and oviposition, and also genes linked to 

dispersal and envenomation. By querying the gene expression changes associated with the 

different aspects of courtship we hope to tease apart the influence of courtship and copulation on 
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gene expression and their potential influence for known physiological and behavioural changes 

in post-mating females. We also consider here the influence of the time post-courtship/mating at 

two time-points (30 minutes and 24 hours).  

 

First, if males influence females via the known pheromone transfer during pre-cop courtship 

(Ruther et al. 2007), we would expect this aspect of courtship to influence key changes in gene 

expression. We would also expect that if copulation was not as important an influencing factor as 

pre-copulatory courtship that copulation would not induce much more in the way of changes in 

gene expression. If insemination is important however, either in isolation or in combination with 

pre-copulatory pheromone transfer, we would expect to see crucial changes in gene expression 

only after the receipt of an ejaculate. In Nasonia it is difficult to test whether copulation on its 

own or the combination of pre-copulatory courtship and copulation is important for these 

changes due to the in ability to separate pre-copulatory courtship (which is required to induce 

females to signal their receptivity to mating and expose their genital pore) and copulation. 

Regardless we could still determine whether copulation is important for such gene expression 

changes.  Finally, if the bout of post-copulatory courtship is crucial (and previous work suggests 

it is, at least for receptivity; but see Chapter 3), then we should see key changes in gene 

expression only in females which have received post-copulatory courtship. Importantly, we can 

experimentally separate out insemination from post-copulatory courtship. Such females have 

previously been shown to exhibit the post-mating behavioural response of reduced female 

receptivity (van den Assem and Jachmann 1999). These females which receive two separate 

courtship events without copulation in between should allow us to gain a clearer insight into the 

influence of copulation on female gene expression. 
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 5.1   Materials and methods 

Study Organism 

For details of the study organism, Nasonia vitripennis, please see Chapter 4. 

 

Experimental strain 

For details of the Experimental strain, AsymC, please see chapter 4. 

 

Production of virgin males and females 

Female wasps were isolated from hosts in stock tubes four days prior to emergence at the pupal 

stage in order to ensure their virginity. These females were maintained in isolation and held 

alongside stock tubes at 25oC, 16L: 8D light conditions until eclosion. One day post-eclosion 

isolated virgin females and mated females from stock tubes were individually placed into 

10mmx75mm glass tubes each receiving six hosts on which to oviposit. Since they are 

haplodiploid, virgin N. vitripennis females lay all-male broods, allowing us to ensure that enough 

virgin males would be available for experimentation given the female biased sex ratio of mated 

females. Four days prior to emergence of the experimental wasps, male and female pupae were 

isolated from hosts, again in order to ensure their virginity, and maintained in isolation until 24 

hours post emergence.  

 

Courtship elements 

We examined differential gene expression across a total of 5 treatments. (1) Virgin female (V): in 

this treatment virgin females were treated in the same manner as mated females, bar the lack of 



 Chpt 5 – Differential gene expression throughout courtship 

Rebekah Watt PhD Thesis Page | 197 
 

exposure to a male, and were held alongside and frozen at the same time as fully mated females 

of the same time point. (2) Courted only (CO): males were allowed to mount and orient 

themselves above the female’s head and engage in pre-copulatory courtship. Males were then 

removed once the female had signalled her receptivity to mating (lowering of her antennae and 

protruding her genital pore). (3) Courted and copulated (CC): for this treatment males were 

allowed to mount and engage in pre-copulatory courtship and back up to copulate with the 

female. Males were removed once genital contact had ceased but before the male could re-

position himself above the females head. (4) Fully mated (FM): here males were allowed to 

perform all courtship elements (pre-copulatory courtship, copulation and post-copulatory 

courtship). Males were removed once they had voluntarily moved away from the female. (5) 

Two courtships, no copulation (2CØC): males were allowed to mount and orient themselves 

above the female’s head and engage in pre-copulatory courtship. Once the female signalled her 

receptivity to mating males were moved away from the female using soft forceps. Males were 

then held away from the female for a minimum of 5 seconds before allowing him to re-mount 

and court the female again. Males were removed from females after females produced a second 

receptivity signal. In all cases males were not allowed to copulate with the female. 

 

Forty daughters from a single foundress formed one replicate, allowing us to minimise 

environmental and genetic differences between individuals of a replicate. Four replicates were 

generated for each treatment (virgin, courted only, courted and copulated, fully mated and two-

courtships-no-copulation), at two time-points of 30 minutes and 24 hours post-courtship/mating, 

giving a total of 40 replicates (Table 1).  
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Courtship assay 

In all cases males and females were removed from the incubator and allowed to adjust to room 

temperature for ~40 minutes. All matings were carried out in 33mm x 11mm petri dishes under a 

dissection microscope with a cold light, Photonic PL3000 light source. In all cases females were 

introduced first into the mating arena, followed by a male. All sisters underwent the same 

treatment each with a separate virgin male (where relevant). Once a courtship element (outlined 

above) had been completed, males were removed via soft forceps, and the female transferred to 

an eppendorf tube and maintained for either 30 minutes or 24 hours in a 25˚C incubator, 

depending on which treatment they belonged to. Once females had reached the appropriate time 

period in the incubator they were flash frozen in liquid nitrogen and stored in replicate groups in 

RNA later ice. All matings were completed between 10 am and 3pm.  

 

Separation of bodies from heads 

Female heads were separated from the abdomen and thorax (subsequently referred to as body) 

under a dissection microscope in RNAlater ice. Bodies were then transferred to a new 1.5ml 

eppendorf with 1ml of fresh RNAlater ice, generating 40 samples for RNA extraction and 

sequencing. 

Table 1. The distribution of biological replicates across 

time-points and treatments. 

Treatment 30 minute 24 hours 

Virgin 3 4 

Courted Only 4 4 

Courted and Copulated 4 4 

Fully Mated 4 4 

Two Courtships no Copulation 4 4 
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RNA extraction and quality assurance 

RNA extractions were carried out according to Qiagen’s RNA easy kit. Extracted RNA was 

stored at -80oC when not in use. The samples were further treated with Ambion’s turbo DNase 

kit (Ambion, Life Technologies, NY, USA) in order to remove DNA contamination from samples. 

Sample purity was tested using the micro-volume nanodrop spectrophotometer (Thermo 

Scientific). RNA concentrations were determined using the broad range RNA BR 20-1000ng 

assay kit for the Qubit flurometer (Invitrogen, Life Technologies, NY, USA). RNA concentrations 

ranged from 123.5 ng/µl to 862 ng/µl (Table 2). RNA quality was assessed using the Agilent 2100 

bioanalyser (Aligent, CA, USA), RNA 6000 nanochip electrophoresis, as per manufacturer’s 

instructions. All samples showed a distinctive double peak representing 18s and 28s ribosomal 

subunits, indicating that samples had not degraded during storage and were suitable for further 

sequencing analysis.  

 

Table 2. RNA concentrations (RNA conc, ng/µl) for each of the 40 samples, where V = Virgin, CO = Courted 
Only, CC = Courted and Copulated, FM = Fully Mated, 2CØC = 2 Courtships with no copulation. A usable 
sequencing library was unable to be produced for one 30 minute virgin sample (sample 29, highlighted in 
blue). Also shown are the insert sizes for each of the sample libraries. 

I.D. Treatment Time-point 
RNA 
conc. 

Insert 
size 

I.D. Treatment Time-point 
RNA 
conc. 

Insert 
size 

1 CC 24 hours 263 156 21 FM 30 minutes 304 161 
2 CC 24 hours 541 178 22 FM 30 minutes 464.5 179 
3 CC 24 hours 249.5 152 23 FM 30 minutes 587 172 
4 CC 24 hours 500 200 24 FM 30 minutes 547 166 
5 CC 30 minutes 130 172 25 CO 24 hours 235 225 
6 CC 30 minutes 253 143 26 V 24 hours 482 153 
7 CC 30 minutes 339.5 158 27 V 24 hours 615 171 
8 CC 30 minutes 460 148 28 V 24 hours 667.5 143 
9 V 24 hours 809.5 165 29 V 30 minutes 123.5 - 

10 CO 24 hours 448 155 30 V 30 minutes 754.5 146 
11 CO 24 hours 668 170 31 V 30 minutes 595.5 174 
12 CO 24 hours 387.5 106 32 V 30 minutes 435 193 
13 CO 30 minutes 504.5 139 33 2CØC 24 hours 499 158 
14 CO 30 minutes 524.5 174 34 2CØC 30 minutes 579.5 151 
15 CO 30 minutes 505 151 35 2CØC 24 hours 862 168 
16 CO 30 minutes 340 141 36 2CØC 24 hours 766.5 185 
17 FM 24 hours 396.5 166 37 2CØC 30 minutes 813.5 143 
18 FM 24 hours 205.5 154 38 2CØC 30 minutes 605 150 
19 FM 24 hours 502.5 157 39 2CØC 24 hours 629.5 159 
20 FM 24 hours 517.5 151 40 2CØC 30 minutes 513 161 
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RNAseq data generation 

RNA samples were transferred to Genepool at the University of Edinburgh for RNA-seq data 

generation in May 2011. One sample (a 30 minute virgin female replicate, Table 2) did not 

contain sufficient RNA to generate a suitable library for sequencing, reducing the total number 

of samples for RNAseq analysis to 39 (Tables 1 & 2). The Illumina Tru-seq protocol for RNA-seq 

data generation was followed. Libraries for each sample were formed by firstly purifying mRNA 

molecules containing polyA tails from the total RNA solution using polyT oligos attached to 

magnetic beads. Following purification, the mRNA was chemically fragmented (using a 

proprietary solution from Illumina). Fragmentation produced fragment lengths of between 

120bp and 200bp, and the average insert size across the 39 sample libraries was 161bp (see Table 

2 for individual sample library insert sizes). RNA fragments are then copied into first strand and 

second strand cDNA using a reverse transcriptase and random primers producing double 

stranded cDNA fragments. A process of end repair is then preformed; here blunt ends are 

generated by removing 3’ overhangs though exonuclease activity and filling in 5’ overhangs 

through polymerase activity. To these blunt ended cDNA fragments a single ‘A’ base is added to 

the 3’ end which makes the fragments compatible with adapters and prevents ligation of the 

cDNA fragments to one another in solution. For paired-end libraries, as utilised here, two sets of 

adapters are used containing two different primer starting sites, with one adapter type being 

added to each end of the fragment. The cDNA solution is then further purified in order to ensure 

that the cDNA fragments have an adapter at both ends. The final step in library production for 

RNAseq is PCR, allowing for sample enrichment. Samples were then sequenced, from a working 

dilution of 10nM, on the Illumina platform. 
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Mapping of RNA-seq data to N. vitripennis genome 

Raw reads were generated and underwent quality assurance following the Illumina pipeline V.2. 

A dynamic range of insert sizes were produced during sequencing in order to avoid duplicate 

confusion, i.e. when two fragments of the same size have paired-end mapping to exactly the 

same place. Such duplicates may represent true expression or PCR artefacts, but by using a wide 

range of insert sizes such events are rare and fragment read mapping is more believable. Quality 

assured fragment paired-end reads were mapped to the N. vitripennis genome version 2.0 using 

the splice site aware aligner GSNAP (version 2011-03-28). Known splice sites were extracted 

from the N. vitripennis REFSEQ.gff file (Files downloaded from: 

ftp://ftp.ncbi.nih/genomes/Nasonia vitripennis/, October 2011), and given to GSNAP. This 

allowed for the splitting of reads when required to aid mapping based on splice site information. 

Novel splice sites not present within the annotation file can also be generated using GSNAP 

allowing for the best alignment of fragments to the N. vitripennis genome V2.0. GSNAP also 

allows for non biased annotation by mapping paired-end reads to regions of the genome without 

splice site information (unannotated regions). A breakdown of the mapping is shown in Table 3, 

only paired-end reads which exhibited concordant mapping (average across 39 samples = 

90.11%) were used for generating count data and for differential gene expression analysis.  

 

 

 

 

 

ftp://ftp.ncbi.nih/genomes/Nasonia vitripennis/
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Table 3. Breakdown of uniquely mapping reads to the Nasonia genome v2.0. Shown here are reads that 
mapped concordantly (where both of the paired end reads map with expected insert sizes), half-mapped 
reads (where only one of the paired-ends was able to map) and un-paired reads (where both reads are able to 
map to the same scaffold but pairing information has been lost, i.e. large or unexpected insert sizes were 
found), pair-problem reads (where the reads do not show concordance e.g. overlap, run both in the same 
direction or away from each other), and split reads (where they map across scaffolds). 

Sample Concordantly mapped 
Half mapped 

reads 
Un-paired reads 

Pair-problem 

reads 
Split reads 

1 10,995,883 (89.14%) 648,248 (5.26%) 21,308 (0.17%) 24,188 (0.20%) 4,925 (0.04%) 
2 18,956,742 (89.44%) 1,187,296 (5.60%) 43,077 (0.20%) 38,699 (0.18%) 10,252 (0.05%) 
3 18,681,474 (90.46%) 1,069,741 (5.18%) 24,694 (0.12%) 34,137 (0.17%) 6,158 (0.03%) 
4 17,556,107 (90.33%) 1,198,105 (6.16%) 34,923 (0.18%) 31,291 (0.16%) 8,900 (0.05%) 
5 10,552,554 (89.51%) 647,907 (5.50%) 7,125 (0.06%) 21,231 (0.18%) 2,059 (0.02%) 
6 11,948,980 (82.92%) 770,189 (5.34%) 2,341 (0.02%) 14,356 (0.10%) 1,145 (0.01%) 
7 16,112,575 (89.76%) 1,033,320 (5.76%) 19,465 (0.11%) 30,895 (0.17%) 5,387 (0.03%) 
8 16,267,154 (89.72%) 856,756 (4.73%) 11,529 (0.06%) 32,177 (0.18%) 3,023 (0.02%) 
9 23,059,874 (90.95%) 1,397,151 (5.51%) 29,593 (0.12%) 40,558 (0.16%) 8,630 (0.03%) 

10 15,636,080 (90.76%) 902,438 (5.24%) 17,705 (0.10%) 28,190 (0.16%) 4,614 (0.03%) 
11 11,589,079 (90.36%) 775,096 (6.04%) 21,019 (0.16%) 22,763 (0.18%) 5,246 (0.04%) 
12 15,809,410 (90.53%) 826,647 (4.73%) 10,495 (0.06%) 34,752 (0.20%) 2,423 (0.01%) 
13 23,886,102 (89.40%) 1,255,387 (4.70%) 9,386 (0.04%) 40,118 (0.15%) 2,727 (0.01%) 
14 12,124,717 (90.66%) 760,501 (5.69%) 7,062 (0.05%) 12,062 (0.09%) 3,230 (0.02%) 
15 16,515,027 (89.85%) 979,501 (5.33%) 14,089 (0.08%) 29,886 (0.16%) 4,389 (0.02%) 
16 17,686,847 (90.80%) 883,648 (4.54%) 2,929 (0.02%) 15,070 (0.08%) 1,777 (0.01%) 
17 26,787,523 (90.36%) 1,577,216 (5.32%) 30,221 (0.10%) 0 (0.00%) 7,522 (0.03%) 
18 18,168,836 (88.94%) 1,104,707 (5.41%) 16,906 (0.08%) 33,848 (0.17%) 3,897 (0.02%) 
19 16,163,175 (90.16%) 923,830 (5.15%) 9,144 (0.05%) 26,703 (0.15%) 2,783 (0.02%) 
20 16,175,948 (91.89%) 770,526 (4.38%) 3,148 (0.02%) 17,160 (0.10%) 1,602 (0.01%) 
21 15,219,633 (91.47%) 841,667 (5.06%) 10,608 (0.06%) 26,811 (0.16%) 3,055 (0.02%) 
22 22,753,392 (90.81%) 1,436,619 (5.73%) 39,665 (0.16%) 49,606 (0.20%) 9,074 (0.04%) 
23 22,531,687 (90.61%) 1,391,243 (5.60%) 24,517 (0.10%) 48,168 (0.19%) 6,130 (0.02%) 
24 25,812,489 (90.91%) 1,511,064 (5.32%) 35,723 (0.13%) 52,617 (0.19%) 9,179 (0.03%) 
25 20,789,715 (88.45%) 1,635,395 (6.96%) 58,946 (0.25%) 44,892 (0.19%) 11,799 (0.05%) 
26 16,255,082 (89.16%) 995,310 (5.46%) 19,370 (0.11%) 26,258 (0.14%) 4,648 (0.03%) 
27 13,263,086 (90.00%) 833,713 (5.66%) 24,277 (0.16%) 26,153 (0.18%) 5,629 (0.04%) 
28 20,942,481 (90.98%) 1,026,664 (94.46%) 11,561 (0.05%) 36,125 (0.16%) 3,324 (0.01%) 
30 22,332,317 (90.79%) 1,107,231 (4.50%) 11,807 (0.05%) 40,021 (0.16%) 3,179 (0.01%) 
31 18,956,998 (89.82%) 1,264,555 (5.99%) 27,472 (0.13%) 34,371 (0.16%) 7,536 (0.04%) 
32 20,923,592 (89.47%) 1,446,288 (6.18%) 41,351 (0.18%) 39,149 (0.17%) 11,213 (0.05%) 
33 22,177,203 (91.46%) 1,253,532 (5.17%) 20,162 (0.08%) 39,929 (0.16%) 5,474 (0.02%) 
34 19,991,147 (90.08%) 1,173,268 (5.29%) 23,618 (0.11%) 43,394 (0.20%) 5,807 (0.03%) 
35 23,161,348 (90.80%) 1,402,000 (5.50%) 34,041 (0.13%) 45,947 (0.18%) 8,520 (0.03%) 
36 16,883,869 (89.57%) 1,204,575 (6.39%) 27,786 (0.15%) 40,909 (0.22%) 5,976 (0.03%) 
37 19,028,056 (91.09%) 920,333 (4.41%) 4,310 (0.02%) 25,744 (0.12%) 1,947 (0.01%) 
38 18,030,553 (90.42%) 955,010 (4.79%) 12,662 (0.06%) 39,097 (0.20%) 2,799 (0.01%) 
39 17,046,221 (91.36%) 943,877 (5.06%) 12,008 (0.06%) 31,040 (0.17%) 3,326 (0.02%) 
40 18,659,868 (91.00%) 1,108,502 (5.41%) 19,620 (0.10%) 37,017 (0.18%) 5,008 (0.02%) 
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Finally, RNAseq additionally allows for the analysis of alternative transcription alongside gene 

expression data. Whilst we have not considered alternative transcription in any detail here we 

were able to identify that approximately 9.82% of genes may have one or more alternative 

transcripts.  Further work would be required to discover if these transcripts represent true 

alternative transcription, and whether we can identify patterns of alternative transcription linked 

to the courtship components examined here. For our results alternative transcripts were pooled 

for each gene to give a single transcript count per gene.     

 

Differential gene expression analysis with DESeq 

By looking at gene expression across the different components of courtship and copulation in N. 

vitripennis females, we aimed to tease apart the influence of courtship and copulation within the 

abdomen and thorax. We determined the differential expression of reads between our samples 

using the package DESeq implemented in programming language R (Anders and Huber 2010). 

We provided DESeq with raw, quality assured count data from concordantly mapping paired-

end reads. The program DESeq itself normalises the raw count data accounting for expressional 

variation both within and across replicates. Count data generated by our RNA-seq analysis was 

modelled via a negative binomial distribution within DESeq in order to account for the discrete 

nature of count data and the inherent pattern of count variation, thus enabling it to better detect 

differential expression between treatments (Anders and Huber 2010). To avoid bias in the call of 

differential expression for read sequences across the range of count data, DESeq estimates the 

relationship between the mean and the variance in expression by fitting a robust gamma-family 

GLM to model to the data, also referred to as a “parametric fit”. Adjustment for multiple testing 

was carried out by calculating the false discovery rate (FDR) according to the procedure of 

Benjamini and Hochberg (1995b). 
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Given the recent developments in techniques to analyse RNA-seq data, we here take a pragmatic 

approach using three different, but related analytical frameworks. It remains an open question as 

to which methods are the “best”, and there are still problems with fitting more complex models 

considering interactions between treatment factors, and so our approach here is perhaps 

somewhat more exploratory. The three frameworks include two multi-factor approaches (where 

the “mating” treatment is either coded as three separate presence/absence factors, or as one 

factor with five treatment levels), plus a pair-wise approach (analysing specific pairs of 

treatment-time point combinations; effectively a set of planned contrasts). First I consider the 

multi-factor designs. 

 

Multi-factor design: three factors describing treatment 

The version of DESeq used in this chapter (2.9) allows for so called “multi-factor designs” 

(Anders 2011). In other words, we can go beyond simple pair-wise, two treatment-level 

comparisons. For example, the factor of time-point in this experiment has two levels of 30 

minutes and 24 hours. We also used the following factors of: (1) first courtship, for each sample 

true or false is used to denote whether females received pre-copulatory courtship; (2) copulated, 

for each sample true or false is used to denote whether females received copulation; (3) second 

courtship, for each sample true or false is used to denote whether females received post-

copulatory courtship. To determine if there is a significant association between a courtship 

element and variation in gene expression, for each gene, two generalised linear models (GLMs) 

were fitted and compared. First, a full model including all the factors (time point, first courtship, 

copulation and second courtship) and second a reduced model removing one of the factors. We 

report the FDR adjusted p-values at a relaxed p-value of p<0.1, as recommended in the DESeq 

vignette (Anders 2011). We also considered the interaction between time-point and treatment 
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with this multi-factor design approach; however, we were unable to resolve differential gene 

expression when interaction terms were included in the model due to poor model convergence, 

so here we simply report the differential gene expression linked to the three treatment groups 

and time-point. 

 

Multi factor design: one treatment factor with 5 levels 

Two further multi factor design analyses were also used to analyse our data. These additional 

analyses were performed in order to examine the variation in gene expression explained by 

interaction terms between treatment and time-point. For these new multi factor design analyses 

we described treatment with one factor of “treatment” with five levels (virgin, CO, CC, 2CØC 

and FM). Time-point was described as above with a single factor with two levels (30 minutes and 

24 hours). Using this design to investigate differential gene expression associated with treatment 

and time-point yielded very similar results to the previously described model (see results). As 

before we struggled to resolve differential gene expression associated with interaction terms, and 

so here only report the differential gene expression associated with time-point and treatment. 

 

Finally, using the same model as described above (where treatment is described by one factor 

with five levels) we considered the influence of treatment on gene expression using only 30 

minute samples or 24 hour samples.  As time-point here only has one level we compared models 

where count was explained by treatment to a model where count was explained by a null model. 

In this way we hoped to gain further traction of how gene expression variation is linked to the 

interaction between treatment and time-point.  
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Pairwise comparison analysis 

Another way in which to analyse the RNAseq data generated in this experiment within the same 

DESeq package is to carry out a series of pairwise comparisons between treatments. We 

generated 10 treatments in this experiment (Table 1) and investigated the differential gene 

expression patterns in 25 separate pairwise comparisons across the 39 samples (Table 9). The 25 

pairwise comparisons we chose here fall into three informative groups. First we compared each 

courtship component across the two time-points (e.g. 30 minute virgin to 24 hours virgin 

samples) in order to identify the differential expression associated with time-point across the five 

courtship treatments (V, CO, CC, FM, 2CØC). In order to identify the cumulative differential 

gene expression changes induced by each subsequent courtship component, we next considered 

eight within time-point pairwise comparisons comparing virgin females to females from each of 

the different courtship component treatments (Table 9). Finally, in order to compare how gene 

expression patterns change between the different phases of courtship we considered 12 within 

time-point comparisons between each of the courtship components (Table 9). Pairwise 

comparisons between the sample treatments allowed us to verify the patterns of gene expression 

we identified from the multifactor design approach and to compare the expression of genes 

between specific treatment samples. 

 

Gene Ontology classification 

All known and predicted N. vitripennis protein sequences were downloaded from NCBI 

ENTREZ, 03.10.2011. Blast2GO (Conesa et al. 2005) was then used to assign gene ontology (GO) 

terms to each protein sequence. Molecular function GO-slim annotations were selected for 

further analysis of our differentially expressed tags. We used contingency table analyses and 

Pearson’s chi square tests to identify GO class enrichment, comparing the proportion of GO 
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classes of known and predicted protein sequences (see above) to those in each of our sample 

comparisons. P-values were corrected for the false discovery rate as described by Benjamini and 

Hochberg (1995b). 

 

5.2   Results 

Multi-factor design: three factors describing mating treatment 

Together the components of mating (pre-copulatory courtship, copulation and post-copulatory 

courtship) were associated with the differential expression of just two genes. Whilst the finding 

of two genes associated with these traits of interest is encouraging, and certainly has the 

potential to be more informative than finding hundreds or even thousands of genes, these two 

genes failed to converge in the models tested and so we treat this result with some caution in our 

subsequent analysis (Table 4). Considering each mating component in turn, the experience of 

pre-copulatory courtship did not explain any of the variation in gene expression across the 39 

samples of this study. Copulation however, could be associated with the differential expression 

of two genes (p<0.0008), one of which has informative annotation (Table 4). This gene encodes a 

cuticular protein (CPR48) which belongs to the RR-2 family of cuticular proteins. RR-families 

share one of three forms of a consensus region first identified by Rebers and Riddiford (2012) 

with chitin binding properties. CPR48 has a gene ontology of “structural molecule activity”, 

consistent with a structural role of chitin binding within the cuticle. The experience of post-

copulatory courtship was similarly associated with the differential expression of CRP48 (p= 

0.014) (Tables 4 & 5), however, no other genes exhibited gene expression differences associated 

with this courtship component.  
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Table 4. Across the three courtship components tested for differential gene expression (pre-
copulatory courtship, copulation and post-copulatory courtship) a total of two genes could be 
identified as differentially expressed. For each of these genes we show: the gene id; the gene 
annotation; the FDR corrected p-values associated with each courtship component. For 
completeness the FDR adjusted p-values of these genes for the time lapsed post-courtship/mating 
(time point) are also shown. 

Gene ID Gene Annotation 
Pre-

copulatory 
Courtship 

Copulation 
Post-

copulatory 
Courtship 

Time 
Point 

XM_001603332.2 Hypothetical protein 1 7.33E-06 1 1 

NM_001172794.1 
Cuticular protein RR-2 
family member 48 (CPR48) 

1 0.0009 0.014 1 

 

 

Table 5.  The number of genes with differential expression significantly associated with 
each courtship element. Also shown are the numbers of genes which were only found 
to be differentially expressed in association with each courtship element (uniquely DE 
genes) 

Courtship element Number of DE genes Uniquely DE genes 
First courtship 0 0 

Copulation 2 1 
Second courtship 1 0 

Time lapsed post-mating 1,649 1,649 

 

In contrast, the time since courtship/mating explained a great deal of variation in gene 

expression across our 39 samples. We found 1,649 (p<0.1) differentially expressed genes 

significantly associated time since courtship/mating (Table 4).  The largest proportion of these 

(1,088 genes) are more highly expressed in 30 minute treatment samples (at FDR p<0.099), with 

561 having higher expression in 24 hour treatment samples (p<0.099). 

 

The 1,649 differentially expressed genes associated with time post-courtship/mating span 92 

molecular function gene ontology classifications as derived from Blast2GO GOslim annotations 

(Supplementary Table 5.1). A contingency table approach investigating enrichment of the 92 

gene ontologies, revealed evidence for significant enrichment of nine GO terms after correction 

for the false discovery rate (p<0.046); a further four appear to be under represented within the 
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time-point gene set (p<0.0496, Table 6). We also demonstrate the over/under representation of 

these nine GO classes in Figure 1, where the differences between the proportions of each GO 

from the time-point (1,169 differentially expressed genes associated with time-point) and 

reference (17,613 Ref-seq Nasonia genes) gene sets can be seen.  Broadly these nine GO classes 

reflect increases in metabolic processes (e.g. peptidase inhibitor activity, serine-type 

endopeptidase activity, oxidoreductase activity, acid phosphatase activity and hydrolase 

activity; see below for discussion). Kegg pathway analysis of the 236 genes which could be 

assigned an enzyme code also revealed strong associations with metabolism, with the Kegg 

pathways for purine metabolism (Figure 2), glycolysis/ gluconeogenesis (Figure 3) and tyrosine 

metabolism (Figure 4) being the most highly represented. A second GO enrichment analysis was 

also performed within the package Blast2GO; this analysis is described in the supplementary 

information of this chapter and whilst highlighting the over/under representation of 13 different 

GO terms, this analysis agreed with the over/under representation of hydrolase activity, 

carbohydrate binding, DNA binding, protein kinase activity and electron carrier activity, as seen 

in Table 6 and Supplementary table 5.2.  Finally, we could identify a vitellogenin gene 

(XM_001607346.2; p = 0.0371) and 30 genes linked to venom within the 1,649 differentially 

expressed genes associated with time-point. These venom-associated genes also appear to be 

enriched within this gene set (χ2 = 27.76, DF = 1, p<0.0001). These gene classes are indicative of 

physiological responses to mating such as egg maturation and oviposition (and envenomation). 
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Table 6. The 13 over/under represented molecular function gene ontology classifications of the 
1,649 genes significantly differentially expressed in response to the time lapsed post-
courtship/mating, either 30 minutes or 24 hours. Virgin females were also included in this analysis. 
Shown are the χ2 values, degrees of freedom (DF) p-values and adjusted p-values (FDR) for the 
analysis of enrichment across the 92 molecular functions in this gene set. 

Gene Ontology Term 
Time 
point 

Reference 
Over/ 
Under 

χ2 value p-value FDR 

Oxidoreductase activity  29 90 Over 37.198 <0.0001 <0.0018 
Electron carrier activity  5 236 Under 13.556 <0.0001 <0.0023 
DNA binding  20 620 Under 26.323 <0.0001 <0.0031 
Chitin binding  8 14 Over 21.231 <0.0001 <0.0046 
Acid phosphatase activity  13 28 Over 27.45 <0.0001 <0.0092 
Transmembrane transporter 
activity  

8 18 Over 15.998 0.001 0.0115 

Serine-type endopeptidase 
activity 

9 23 Over 15.263 0.001 0.0131 

Peptidase inhibitor activity  9 21 Over 17.201 0.001 0.0153 
Carbohydrate binding  15 63 Over 10.981 0.003 0.0307 
Protein binding  39 643 Under 8.032 0.005 0.0383 
Lipid transporter activity  5 9 Over 12.894 0.005 0.0418 
Hydrolase activity  131 1073 Over 8.022 0.005 0.046 
Protein kinase activity  6 189 Under 7.869 0.007 0.0495 
Total GO terms 1,103 11,586     
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Figure 1. The proportion of each Gene Ontology (GO) term within each gene set. Time point refers to 

the 1,649 genes which had differential expression significantly associated with time-point, 1,103 of 

which have GO annotation. Reference refers to the 17,613 Ref-seq Nasonia genes, 11,586 of which 

have GO annotation. 
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Figure 2. Kegg pathway for purine metabolism. Enzyme Code (EC): 2.7.7.7, enzyme: DNA-directed 

DNA polymerase, shown in red, represented by two genes (XP_001602202.2, XP_001600907.2). EC: 

2.7.7.6, enzyme: DNA-directed RNA polymerase, shown in yellow, represented by one gene 

(XP_001599095.2). EC: 3.5.4.4, enzyme: adenosine deaminase, shown in orange, represented by 1 

gene (XP_003423840.1). EC: 1.7.3.3, enzyme: actor-independent urate hydroxylase, shown in green, 

represented by one gene (XP_001607279.2). EC: 3.5.2.5, enzyme: allantoinase, shown in blue, 

represented by one gene (XP_001606741.1). EC: 1.7.1.7, enzyme: GMP reductase, shown in pink, 

represented by (XP_001603068.1). EC: 6.3.3.1, enzyme: phosphoribosylformylglycinamidine cyclo-

ligase, shown in purple, represented by 1 gene (XP_001602678.2). EC:2.1.2.2, enzyme: 

phosphoribosylglycinamide formyltransferase, shown in light-red, represented by 1 gene 

(XP_001602678.2). EC: 3.6.1.3, enzyme: adenosinetriphosphatase, shown in light-green, 

represented by 4 genes (XP_003426459.1, XP_001599403.2, XP_001607392.2, XP_001601504.1). EC: 

2.7.4.3, enzyme: adenylate kinase, shown in light-yellow, represented by 4 (XP_003427350.1, 

XP_003427349.1, XP_003427346.1, XP_001608151.1). EC: 6.3.4.13, enzyme: phosphoribosylamine---

glycine ligase, shown in grey, represented by 1 gene (XP_001602678.2). EC: 1.1.1.205, enzyme: IMP 

dehydrogenase, shown in grey, represented by 1 gene (XP_001599698.2). EC: 2.7.1.20, enzyme: 

adenosine kinase, shown in grey, represented by 1 gene (XP_001601219.2). EC: 3.6.1.15, enzyme: 

nucleoside-triphosphatase, shown in grey, represented by 7 genes (XP_003428084.1, 

XP_001602630.2, XP_001605256.2, XP_001601276.2, XP_001604959.2, XP_003424179.1, 

XP_001606961.1). 

 

 

Figure 3. Kegg pathway for Glycolysis/ gluconeogenesis. Enzyme Code (EC):1.2.4.1, enzyme: 

pyruvate dehydrogenase (acetyl-transferring), shown in red (XP_001604584.2). EC: 5.3.1.1, enzyme: 

triose-phosphate isomerase, shown in yellow (XP_001600119.1). EC: 2.7.1.1, enzyme: hexokinase, 

shown in orange (XP_001605294.2). EC: 1.2.1.12, enzyme: glyceraldehyde-3-phosphate 

dehydrogenase (phosphorylating), shown in green (XP_001607474.1). EC: 6.2.1.1, enzyme: acetate---

CoA ligase, shown in blue (XP_001601268.1). EC: 1.2.1.5, enzyme: aldehyde dehydrogenase 

[NAD(P)+], shown in pink (XP_001601217.2). EC: 1.1.1.1, enzyme: alcohol dehydrogenase, shown in 

purple (XP_001607232.2). 
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Figure 4. Kegg pathway for tyrosine metabolism. Enzyme Code (EC):3.7.1.2, enzyme: 

fumarylacetoacetase, shown in red (NP_001164364.1). EC: 2.6.1.5, enzyme: tyrosine transaminase, 

shown in yellow (XP_001603572.1). EC: 1.14.17.1, enzyme: dopamine beta-monooxygenase, shown in 

orange (XP_001606495.2). EC: 1.2.1.5, enzyme: aldehyde dehydrogenase [NAD(P)+], shown in green 

(XP_001601217.2). EC: 4.1.1.28, enzyme: aromatic-L-amino-acid decarboxylase, shown in blue 

(XP_001603679.1). EC: 1.1.1.1, enzyme: alcohol dehydrogenase, shown in pink (XP_001607232.2). EC: 

1.14.16.2, enzyme: tyrosine 3-monooxygenase, show in purple (XP_001600616.2). 
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Multi factor design: one treatment factor with 5 levels 

A second multifactor design approach was used to investigate the differential gene expression 

associated with time-point and treatment, this time analysing the data in terms of one factor with 

five treatment levels (spanning virgin to fully-mated females, and including exposure to one or 

more courtship components; see above) plus a factor representing time-point. The mating 

treatment was again associated with the differential expression of just two genes (p<0.076, Table 

7), these two genes differed from those identified in the previous analysis. Only one 

(NM_001161525.1) had functional annotation. This gene is the cysteine-rich/pacifastin venom 

protein 1 identified by de Graaf et al. (2010a), and may be linked to post-courtship/mating 

females preparing for envenomation events prior to oviposition (see below for further discussion 

on venom).  

 

Table 7. Two genes were found to have differential expression associated with courtship 
components. Here we show the gene id, gene annotation, p-value and FDR adjusted p-
value for these differentially expressed genes. 

Gene ID Gene Annotation p-value FDR  
NM_001161525.1 Cysteine-rich/pacifastin venom protein 1 8.47E-06 0.0492 
XM_003428070.1 Hypothetical protein 1.96E-05 0.0760 

 

As before, time since courtship/mating is associated with the largest proportion of differentially 

expressed genes. In this comparison we were able to identify the differential expression of 1,632 

genes (p< 0.099). Of these 1,632 genes, 1,611 were also identified in the previous analysis. 

 

Separate Multifactor design analyses for 30 minute and 24 hour samples  

We also considered the influence of treatment on differential gene expression for 30 minute and 

24 hour samples separately, again analysing the data in terms of one factor with five treatment 
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levels. Thirty minutes after courtship/mating, differential expression of 31 genes was associated 

with treatment (p<0.095, Table 8). Of these 31 genes, 25 were also differentially expressed in 

previous multifactor design analyses of this study, with six uniquely identified as differentially 

expressed in just this multifactor design analysis. The 31 differentially expressed genes identified 

here represent 22 hypothetical proteins, four genes linked to metabolism, three venom genes 

(NM_001161525.1, NM_001161704.1 and NM_001161614.1) and two peptidoglycan recognition 

proteins (NM_001170968.1 and XM_001601820.2; Table 8). These two peptidoglycan recognition 

protein genes were also found to be differentially expressed in three pairwise comparisons (see 

below) considering 30 minute courted and copulated females (30 minute virgin to 30 min CC, 30 

min CC to 24 hour CC and 30 min CC to 30 min 2CØC), where their expression was up-

regulated in 30 minute CC samples in each case, suggesting that the higher expression of these 

genes may be linked to copulation. Twenty-four hours after mating, no genes were differentially 

expressed in association with the mating treatments.  
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Table 8. The expression of 31 genes was found to be significantly associated with treatment when 
only considering samples 30 minutes post-courtship/mating. For each of these 31 differentially 
expressed genes we show the gene annotation and FDR adjusted p-value. The six genes highlighted 
in blue were not found in any of the other models tested (pairwise or multifactor design). 

Gene ID Gene Annotation 
FDR adjusted 

 p-value 
NM_001161525.1 Cysteine-rich/pacifastin venom protein 1  4.09E-06 
XM_003428070.1  Hypothetical protein  0.000787 
XM_001606428.2  Hypothetical protein  0.000787 
XM_001606526.2  Hypothetical protein  0.000787 
XM_001601823.2  Hypothetical protein  0.0008 
NM_001170968.1 Peptidoglycan-recognition protein S2-like protein  0.00204 
NM_001161704.1  Kazal type serine protease inhibitor-like venom protein-like  0.003818 
XM_003424080.1  Hypothetical protein  0.003991 
XM_003426113.1  Hypothetical protein  0.005759 
XM_003424150.1  Hypothetical protein  0.008934 
XM_001602511.2  Hypothetical protein  0.008934 
XM_001600779.2  Lysozyme 3-like  0.011177 
NM_001161614.1 Glucose dehydrogenase-like venom protein  0.013167 
XM_001603012.2  Hypothetical protein  0.021956 
XM_003424204.1  Hypothetical protein  0.021956 
XM_001603361.2  Hypothetical protein  0.024378 
XM_003427560.1  Hypothetical protein  0.025573 
XM_001606712.2 Cytoskeleton-associated protein 5-like  0.027231 
XM_003424589.1  Hypothetical protein  0.027413 
XM_001601820.2  Peptidoglycan-recognition protein SA-like  0.033228 
XM_001601542.2  Codanin-1-like  0.035416 
XM_003424001.1  Hypothetical protein  0.036495 
XM_003424185.1  Hypothetical protein  0.048648 
XM_001601373.2  Hypothetical protein  0.048957 
XM_001599784.2  Hypothetical protein  0.049389 
XM_003424831.1  Hypothetical protein  0.052847 
XM_001599279.2  Hypothetical protein  0.052847 
XM_001600033.2  Hypothetical protein  0.080675 
XM_001604920.2 Oxysterol-binding protein 1-like 0.090285 
XM_001605625.2  Hypothetical protein  0.091286 
XM_001606440.2  Hypothetical protein  0.09478 

 

Pairwise comparisons  

Using a pairwise comparison approach we were able to identify a total of 937 differentially 

expressed across 25 separate comparisons of our 39 samples (Table 9). Of these genes, 310 were 

not previously identified in the multifactor design analyses discussed above.  
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Our analyses thus far have emphasised the importance of time since courtship/mating, rather 

than components of the mating interaction. From our pair-wise comparisons, however, we see 

that the effect of time since mating was strongest when the comparisons involved 

courtship/mating components (i.e. courted only (CO), courted and copulated (CC), fully mated 

(FM) and two courtships no copulation (2CØC): see comparisons 2-5 in Table 9). Together, the 

four comparisons involving courtship/mating components accounted for 901 of the 937 (96.16%) 

differentially expressed genes between 30 minutes and 24 hours (p<0.1; Range: p<0.0001 to 

p=0.1).  For these 901 genes, the differential expression was more often associated with higher 

expression after 30 minutes (528 genes) than after 24 hours (373 genes). In contrast, gene 

expression in virgin females was found not to vary over time (p = 1.0 for all genes). 

 

Looking at these in more detail, in the comparison of 30 minute and 24 hour CO samples we 

identified 26 differentially expressed genes (p<0.098, range: p<0.0001 to p = 0.098; Table 9). Of 

these 15 were more highly expressed at 30 minutes, and 11 at 24 hours. 18 were uniquely 

differentially expressed in this comparison. Additionally, only 12 of the 26 differentially 

expressed genes had informative annotation. The largest number of differentially expressed 

genes was identified in the comparison between 30 minute and 24 hour CC samples. Here we 

were able to identify 599 differentially expressed genes (p<0.099, range: p<0.0001 to p= 0.099), of 

which 346 showed higher levels of expression at 30 minutes and 253 at 24 hours post-copulation 

(Table 9). Of these 599 differentially expressed genes, 462 were uniquely found in this 

comparison. 
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Table 9. Overview of pairwise comparisons. For each comparison we show for each sample being compared: the total number 

of differentially expressed tags, the number of tags which were more highly expressed and the percentage of tags that were 

more highly expressed in each treatment being compared, and finally the number of unique DE (differentially expressed) tags 

in each comparison. Shown in bold are the comparisons which were associated with the majority of differential expression in 

this analysis. These samples suggest an interaction between mating and the time lapsed after mating. 

Treatments compared  Comparison Total DE genes  
No. more highly 
expressed genes  

% more highly 
expressed genes  

Unique 
DE genes  

30 min virgin 
1 0 

0 0% 0 
24 hr virgin 0 0% 0 
30 min CO 

2 26 
15 57.76% 9 

24 hr CO 11 42.24% 9 
30 min CC 

3 599 
346 57.93% 244 

24 hr CC 253 42.07% 220 
30 min FM 

4 124 
69 55.65% 43 

24 hr FM 55 44.35% 44 
30 min 2CØC 

5 337 
234 69.44% 196 

24 hr 2CØC 103 30.56% 83 
30 min virgin 

6 0 
0 0% 0 

30 min CO 0 0% 0 
30 min virgin 

7 11 
1 0.09% 0 

30 min CC 10 90.91% 0 
30 min virgin 

8 0 
0 0% 0 

30 min FM 0 0% 0 
30 min virgin 

9 0 
0 0% 0 

30 min 2CØC 0 0% 0 
24 hr virgin 

10 1 
0 0% 0 

24 hr CO 1 100% 0 
24 hr virgin 

11 2 
2 100% 0 

24 hr CC 0 0% 0 
24 hr virgin 

12 0 
0 0% 0 

24 hr FM 0 0% 0 
24 hr virgin 

13 0 
0 0% 0 

24 hr 2CØC 0 0% 0 
30 min CO 

14 0 
0 0% 0 

30 min CC 0 0% 0 
30 min CO 

15 0 
0 0% 0 

30 min FM 0 0% 0 
30 min CO 

16 0 
0 0% 0 

30 min 2CØC 0 0% 0 
24 hr CO 

17 0 
0 0% 0 

24 hr CC 0 0% 0 
24 hr CO 

18 0 
0 0% 0 

24 hr FM 0 0% 0 
24 hr CO 

19 0 
0 0% 0 

24 hr 2CØC 0 0% 0 
30 min CC 

20 5 
3 60% 0 

30 min FM 2 40% 1 
30 min CC 

21 8 
7 87.50% 0 

30 min 2CØC 1 12.50% 0 
24 hr CC 

22 12 
8 66.67% 2 

24 hr FM 4 33.33% 4 
24 hr CC 

23 1 
0 0% 0 

24 hr 2CØC 1 100% 0 
30 min FM 

24 0 
0 0% 0 

30 min 2CØC 0 0% 0 
24 hr FM 

25 6 
0 0% 0 

24 hr 2CØC 6 100% 3 
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Moving next to the  comparison of 30 minute and 24 hour fully-mated (FM) females, 124 genes 

were differentially expressed (p<0.096,range: p<0.0001 to p=0.096; Table 9). As before, a larger 

proportion of these genes (69, 55.65%) were more highly expressed at 30 minutes than 24 hours 

(55, 44.35%). Of these 124 genes, 66 were found to be uniquely differentially expressed in this 

comparison. The final of these four comparisons, between 30 minute and 24 hour 2CØC (two 

courtships and no copulation) females revealed differential expression of 337 genes (p<0.99, 

range: p<0.0001 to p =0.99). Of these, 234 were more highly expressed at 30 minutes and 103 at 24 

hours, consistent with the pattern of differential expression seen across the other three 

comparisons. Of the 337 differentially expressed genes, 207 were uniquely differentially 

expressed in this pair-wise comparison. Taken together then, these pair-wise comparisons 

suggest that some of the differences in gene expression that occur between 30 minutes and 24 

hours after interacting with a male are associated with one or more components of that 

interaction, but the results are clearly analysis-dependent. 

 

To finish, a few differentially expressed genes (36) were found amongst eight of the remaining 20 

pair-wise comparisons (Table 9). These eight pair-wise comparisons fall into two distinct groups: 

either comparisons within a time-point between virgin and courted females, or comparisons 

within a time-point between females that received different aspects of courting and mating. 

Across these comparisons, there are no clear patterns that any one aspect of the mating 

interaction (courtship or insemination) is having a consistent (or large) effect. 

 

 

 



                                  Chpt 5 – Differential gene expression throughout courtship 

Rebekah Watt PhD Thesis Page | 223 
 

5.3   Discussion 

Mating in N. vitripennis comprises several distinct components, namely pre-copulatory 

courtship, copulation and insemination, followed by post-copulatory courtship, which in 

combination are known to induce both behavioural and physiological changes within females. 

Here we demonstrate that the different aspects of courtship and copulation are associated with 

the differential expression of a limited number of genes in the abdomen and thorax of N. 

vitripennis females, and that the results are analysis-dependent to some extent. This suggests to 

us that the expression differences associated with courting and mating are noisy and at the edge 

of our ability to resolve. In contrast, time since mating/courtship (30 minutes or 24 hours) is 

associated with the differential expression of up to 1,649 genes. This effect clearly swamps any 

other in the multi-factor analysis. Thus far, our results suggest rather limited male input into 

post-mating responses, at least as mediated through courtship and copulation, and suggest 

limited scope for sexual conflict over mating in N. vitripennis, at least in terms of physiological 

and behavioural responses occurring in the body. 

 

The limited association between aspects of courtship and gene expression perhaps suggests that 

one day old virgin female body tissues are already in possession of a transcriptional repertoire 

required for post-mating responses, as previously discussed in D. melanogaster (Mack et al. 2006), 

and that whilst mating induces post-mating gene expression changes over time, these 

expressional changes are not driven specifically by one or other component of courtship or 

copulation received from the male. This suggests that the male-female interaction may be 

enough to elicit a suite of gene expression changes in body tissues over time as required by the 

female to engage in numerous post-mating responses.  
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The observation of the lack of male-specific control over female post-mating expressional 

responses fits well with the previous chapters of this thesis and also with other studies in 

Nasonia. Previously Burton-Chellew et al. (2007) considered two lines of Nasonia exhibiting 

different re-mating or polyandry rates. When comparing matings between a highly polyandrous 

line and a low polyandrous line, they found that females always behaved in the manner of their 

line, i.e. they could not be coerced to mate more or less frequently when crossed with a male of 

the opposite mating type (Burton-Chellew et al. 2007). This suggests that males from the low 

polyandry line are no more effective at reducing female receptivity than males from the high 

polyandry line, and that female re-mating rates are dependent upon female genotype (Burton-

Chellew et al. 2007). Similarly, as I will consider in more detail in Chapter 6 the work of this 

thesis suggests that variation in female responses after mating do not appear to be associated 

with variation in male mating behaviour. We will also discuss in Chapter 6 how the expressional 

response of head tissues in response to mating may differ to that of body tissues, and what it 

may reveal in terms of the influence of males on female post-mating responses.  

  

When considering the differential expression of genes in relation to mating, in many ways we 

would like to see fewer differences, as they may suggest that we are looking at an important 

switch in response to a trait of interest, rather than large expressional changes which may be 

downstream from such switches. In the main analysis of this study, where we consider a 

multifactor design analysis (where three factors were used to describe mating treatment) we saw 

that courtship components were associated with just two genes (Table 10). However, their 

significance in this model is somewhat masked by the fact that these genes failed to converge, or 

have failed to meet the assumptions of the model. For this reason we are down-playing the 

importance of this finding of differential expression of these two genes. That said, we should also 
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consider that as DESeq is considered by its authors to be conservative in its call of differential 

expression and that this may be having an impact on our ability to fully determine differential 

gene expression across our samples. Our experience here suggests that there is still room for 

refinement of the programs and models used to test for differential expression. 

 

Four gene classes were consistently associated with genes that changed their expressions levels 

over time.  Previously when considering the gene expression changes occurring after mating, we 

were able to identify a large proportion of genes representing gene ontology (GO) classes of 

metabolism (Chapter 4). Indeed several similar studies in D. melanogaster and A. mellifera across a 

variety of tissues and time-points have been able to identify the differential expression of 

metabolism genes (McGraw et al. 2004, Mack et al. 2006, Kocher et al. 2008).  Once again in this 

study we were able to assign many genes with a molecular function GO considering metabolism. 

Kegg pathway analysis of the 236 genes differentially expressed across the two time points 

which could be assigned an enzyme code provide further evidence for the importance of 

metabolism in females which have been courted and copulated. We were able to identify 84 

Kegg pathways, 44 of which were metabolism pathways and accounted for 63.9% of the 236 

genes with an enzyme code. Metabolism encompasses all chemical reactions which allow for the 

release of energy via cellular respiration or for the construction of cellular components. As such, 

metabolism likely plays an important role as females prepare for energy demanding behaviours 

such as dispersal and host-searching, and the partitioning of nutrient resources for egg 

maturation and oviposition.  
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Of particular interest are the GOs considering metabolism which were found to be enriched 

among the 1,649 differentially expressed genes associated with the time lapsed after mating. In 

total nine GO classes were found to be over represented after mating, five of which can be linked 

to metabolism, with the remaining four functioning in transporter activity and binding 

processes. Firstly, hydrolase activity and acid phosphatase activity were GO classes commonly 

assigned to venom genes, whose function in relation to physiological responses to mating are 

discussed below. Oxidoreductase activity refers to any molecule which catalyses the oxidation of 

one compound with the reduction of another, and as such these enzymes are involved in the 

metabolism a truly diverse range of molecules. Similarly, serine-type endopeptidases are also 

involved in the metabolism of numerous molecules and in humans have activity in the 

regulation of processes such as digestion, the immune response and reproduction (Hedstrom 

2002). These enzymes cleave peptide bonds, and have the amino acid serine within their active 

site (Hedstrom 2002). Finally, the GO class of peptidase inhibitor was also found to be over-

represented in this group. Proteins that inhibit peptidases are important for the strict control of 

enzymes which break down proteins (peptidases; Rawlings et al. 2004). Because of this 

regulatory function peptidase inhibitors are often utilised in the design of new drugs (Rawlings 

et al. 2004). Again this class of protein has metabolic function in a wide variety of physiological 

responses. 

 

Our results also clearly indicate changes in venom production. From the main multifactor 

analysis we identified 30 venom genes (25.64% of the previously annotated Refseq Nasonia 

venom genes: as downloaded from NCBI in October 2011) within the 1,649 differentially 

expressed genes associated with time post-courtship/mating. These genes and their associated 

GOs of acid phosphatase activity and hydrolase activity were found to be enriched within this 
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set of differentially expressed genes when compared to the proportion of venom-related genes in 

the reference Refseq Nasonia gene set. Within the reference gene set, 117 genes were annotated 

with links to venom, constituting the venom genes identified by deGraaf et al. (2010a) and 

related sequences. The enrichment of this gene class suggests not only that venom genes are up-

regulated after mating but that they are part of an important physiological response to mating. 

We know that venom plays an important role in preparing fly pupae as a food source for the 

female’s offspring, for instance by reducing the host’s immune response and increasing lipid 

levels within the host haemolymph (Rivers 1995, 1999).  The increases we observe in venom 

transcript abundance over time clearly suggest that females are preparing for oviposition and 

envenomation events. 

 

Another gene important for physiological process of oviposition and egg maturation is 

vitellogenin. We were able to identify the differential expression of a vitellogenin-like gene 

(XM_001607346.2) also associated with time post-courtship/mating from the multifactor design 

analyses. Specifically, there was increased expression 30 minutes after courtship/mating. 

Vitellogenin is a glycolipoprotein important for yolk deposition in many insect species (Tufail 

and Takeda 2008). This protein is produced in the fat bodies of insects, and is thought to be 

distributed through the haemolymph to the ovaries where it aids in oocyte maturation and 

ovulation (Koywiwattrakul and Sittipraneed 2009). This again suggests that, in response to 

having received elements of the courtship display, females are beginning to engage in gene 

expression required for the final development of their eggs ready for fertilisation and 

oviposition. Finally, we were able to identify two peptidoglycan-recognition proteins which 

function in the innate immune response of insects and were up-regulated 30 minutes following 

copulation. These proteins are thought to be important for the recognition of gram positive 
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bacteria (Wei 2011), and may have been up-regulated in our samples to contend with bacteria 

transferred to the female by the male during copulation.  

 

After mating then, we are able to determine increases in gene expression associated with 

important physiological processes such as envenomation, egg maturation and oviposition. We 

have also determined, as in Chapter 4, that the allocation of resources and nutrients is an 

important physiological response to mating. Males obviously play an important role in inducing 

these responses in the female; however variation in gene expression cannot be associated with 

any specific component of courtship and mating, suggesting that after the mating signal, 

variation in physiological traits and gene expression is determined primarily by the female 

genotype. These results perhaps suggests that female physiological responses to mating maybe a 

result of cooperation rather than conflict in Nasonia, and may be a reflection of reduced sexual 

conflict in this mostly monandrous species, as will be discussed in more detail in the final 

chapter of this thesis. 
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Table 10. In the main multifactor analysis of this study (where three factors were used to describe mating) two genes were found to have differential expression 

associated with the courtship elements of copulation and post-copulatory courtship. The gene id, protein reference and p-values of these two genes for the 

courtship components they are associated with are shown here. These genes failed to converge in the model tested and here we also show the average transcript 

count of each gene for the 10 sample types (each sample type consists of four replicates, bar 30 minute virgin females which had 3 replicates).  As we see no clear 

pattern of expression across females which have received copulation (CC, FM) or post-copulatory courtship (FM, 2CØC) in relation to the other samples, we suggest 

there is limited evidence for these genes showing true differential expression and suggest that this finding be treated with caution. 

Gene ID 
Protein ref 

(NCBI) 
Copulation 

Post-
copulatory 
courtship 

V 
30 min 

V 
24 hrs 

CO 
30 min 

CO 
24 hrs 

CC 
30 min 

CC 
24 hrs 

FM 
30 min 

FM 
24 hr 

2CØC 
30 min 

2CØC 
24 hrs 

XM_001603332.2 XP_001603382.1 7.33E-06 1 0 43.5 75.25 68.75 3 0 20.75 38 0.5 43 
NM_001172794.1 NP_001166265.1 0.0009 0.0138 0 1 22.75 1.75 0.75 0.25 0.5 0.25 0.25 0.5 
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Chapter 5 – Supplementary information: Gene Ontology Enrichment Analyses 

 

The package Blast2GO is incredibly useful for assigning gene ontology (GO) classifications to genes of 

interest. Blast2GO simply takes sequence data in fasta format and then performs a blast step to 

identify homologs to NCBI database sequences or to a custom database sequence (Conesa et al. 

2005). Blast2GO is then able to extract GO annotations through a mapping step which identifies 

existing annotations for such sequences (Conesa et al. 2005). Finally an annotation step is carried 

out; this applies an annotation rule, which finds the most specific annotation for particular 

sequences with a certain amount of reliability (Conesa et al. 2005). In addition to this another step, 

GOslim, can be preformed. This step reduces the GO complexity and summarises the whole GO-

diversity down to 50-100 more general terms (92 for the main multi-factor design analysis of this 

chapter).  

 

Blast2GOpro, the version used for the analysis of Chapter 5’s data, additionally provides the 

opportunity to look for statistical enrichment of particular GO terms when comparing a test set of 

genes (here we use the 1,649 differentially expressed genes associated with time-point when using a 

multifactor design with three treatment factors), to a reference set of genes (all Nasonia Refseq 

genes as downloaded from NCBI on the 3rd of October 2011 were used as the reference set). 

Blast2GO looks for enrichment by utilising Fisher’s exact test considering each GO assigned to a gene 

(as more that one GO can be assigned to each gene) but also all of the parent terms for each 

assigned GO. For example if gene X has been assigned annotation of RNA binding, when considering 

gene enrichment it would also be assigned the parent term GO where the parent term for RNA 

binding is nucleic acid binding, which itself has a parent term of binding. In this case the gene X 

would be assigned three GOs stemming from its annotation of RNA binding. Where a gene has more 

than one initial GO annotation it will also be assigned all subsequent parent term GOs. 
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Blast2GO also removes all of the genes present within the test gene set (in this case the GOs 

assigned to the 1,649 differentially expressed genes of our main analysis)  from the reference gene 

set (here all Nasonia Refseq genes as downloaded in October 2011), supposedly to increase the 

power of the statistical test (Stefan Götz, personal communication). Not only does this lead to 

instances where a GO set can be enriched in the test set and absent from the reference gene set, but 

I believe it is artificially increasing the likelihood of calling enrichment within the test gene set 

(Blast2GO enrichment analysis output is shown in Supplementary table 5.2). For this reason in all of 

my GO analyses I assigned the first molecular function GOslim annotation (the most specific GO) to 

each gene in the test and reference gene sets and carried out contingency table analysis using 

Pearson’s Chi-square to look for over/under representation of genes within the test gene set (see 

materials and methods for details and Supplementary Table 5.1).  
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Supplementary Table 5.1. The 92 molecular function gene ontology classifications of the 1,649 genes 
significantly differentially expressed in response to the time lapsed post-courtship/mating, either 30 
minutes or 24 hours.  Shown also are the χ2 values, degrees of freedom (DF) p-values and adjusted p-
values (FDR) for the analysis of enrichment across the 92 molecular functions in this gene set. 

Gene Ontology 
Total in 

Time Point 
Total in  
Ref-seq 

χ2 
value 

DF p-value FDR 

Acid phosphatase activity 13 28 27.45 1 <0.0001 <0.0092 
Actin binding 9 73 0.542 1 0.554 0.7179 
ATP binding 6 36 1.661 1 0.263 0.4245 
ATPase activity 3 11 2.864 1 0.116 0.3443 
Binding 47 666 4.2 1 0.047 0.1730 
Calcium ion binding 19 132 2.914 1 0.107 0.3394 
cAMP-dependent protein kinase 
regulator activity 

1 3 1.341 1 0.305 0.4756 

Carbohydrate binding 15 63 10.981 1 0.003 0.0307 
Carboxy-lyase activity 1 1 4.300 1 0.166 0.4128 
Catalytic activity 151 1353 3.902 1 0.051 0.1805 
Chitin binding 8 14 21.231 1 <0.0001 <0.0046 
Chloride channel activity 1 1 4.300 1 0.166 0.4019 
Cysteine-type peptidase activity 1 4 0.806 1 0.365 0.5166 
Cytoskeletal protein binding 2 38 0.689 1 0.577 0.7373 
Diacylglycerol kinase activity 1 1 4.300 1 0.166 0.3916 
Diacylglycerol O-acyltransferase activity 1 1 4.300 1 0.166 0.3818 
DNA binding 20 620 26.323 1 <0.0001 <0.0031 
Double-stranded RNA binding 2 2 8.602 1 0.04 0.1752 
Electron carrier activity 5 236 13.556 1 <0.0001 <0.0023 
Enzyme regulator activity 7 179 5.778 1 0.017 0.1043 
Ferrochelatase activity 1 1 4.300 1 0.166 0.3725 
Glucosylceramidase activity 1 1 4.300 1 0.166 0.3636 
Glycogen (starch) synthase activity 1 1 4.300 1 0.166 0.3552 
G-protein coupled receptor activity 5 50 0.011 1 1 1.0952 
GTP binding  1 10 0.002 1 1 1.0824 
Guanyl-nucleotide exchange factor 
activity  

1 3 1.341 1 0.305 0.4677 

Helicase activity  1 18 0.282 1 0.724 0.8539 
Heme binding  2 6 2.682 1 0.149 0.4032 
Hormone activity  2 5 3.487 1 0.118 0.3393 
Hydrolase activity  131 1073 8.022 1 0.005 0.0460 
Identical protein binding  1 4 0.806 1 0.365 0.5088 
Ion channel activity  8 88 0.016 1 1 1.0698 
Isomerase activity  1 4 0.806 1 0.365 0.5012 
Kinase activity  15 214 1.349 1 0.287 0.4552 
Ligase activity  1 14 0.078 1 1 1.0575 
Lipid binding  7 75 0.003 1 1 1.0455 
Lipid transporter activity  5 9 12.894 1 0.005 0.0418 
Metal ion binding  19 114 5.298 1 0.029 0.1482 
Metalloendopeptidase activity  1 3 1.341 1 0.305 0.4600 
Metallopeptidase activity  4 18 2.500 1 0.118 0.3290 
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Gene Ontology 
Total in 

Time Point 
Total in  
Ref-seq 

χ2 
value 

DF p-value FDR 

Motor activity  4 49 0.088 1 0.819 0.9419 
N-Acetyltransferase activity  1 11 0.002 1 1 1.0337 
NADH dehydrogenase activity  1 4 0.806 1 0.365 0.4938 
Neurotransmitter transporter activity  3 14 1.720 1 0.179 0.3294 
Nuclease activity  8 105 0.374 1 0.619 0.7696 
Nucleic acid binding  41 544 2.191 1 0.153 0.4022 
Nucleotide binding  47 543 0.411 1 0.55 0.7229 
Nucleotidyltransferase activity  2 13 0.408 1 0.635 0.7789 
Nutrient reservoir activity  2 2 8.602 1 0.04 0.1673 
Odorant binding  20 241 0.356 1 0.582 0.7335 
Oxidoreductase activity  29 90 37.198 1 <0.0001 <0.0018 
Peptidase activity  51 418 2.92 1 0.094 0.3089 
Peptidase inhibitor activity  9 21 17.201 1 0.001 0.0153 
Phosphatase activity  1 7 0.146 1 1 1.0222 
Phosphoinositide binding  1 2 2.296 1 0.239 0.4149 
Phospholipase A1 activity  3 4 10.300 1 0.018 0.1035 
Phosphoprotein phosphatase activity  7 67 0.055 1 0.835 0.9484 
Phosphoric diester hydrolase activity  2 3 6.177 1 0.063 0.2147 
Polysaccharide binding  1 3 1.341 1 0.305 0.4526 
Porin activity  1 1 4.3 1 0.166 0.3471 
Protein binding  39 643 8.032 1 0.005 0.0383 
Protein kinase activity  6 189 7.869 1 0.007 0.0495 
Protein transporter activity  1 7 0.146 1 1 1.0110 
Rab GTPase binding  1 1 4.300 1 0.166 0.3394 
Receptor activity  33 363 0.066 1 0.856 0.9604 
Receptor binding  13 73 4.502 1 0.038 0.1748 
Rho guanyl-nucleotide exchange factor 
activity  

1 1 4.300 1 0.166 0.3320 

Ribonuclease activity  1 1 4.300 1 0.166 0.3249 
Ribonuclease P activity  1 2 2.296 1 0.239 0.4072 
RNA binding  13 248 4.626 1 0.034 0.1646 
Serine-type endopeptidase activity  9 23 15.263 1 0.001 0.0131 
Serine-type endopeptidase inhibitor 
activity  

2 16 0.133 1 1 92.0000 

Serine-type peptidase activity  1 2 2.296 1 0.239 0.3998 
Signal transducer activity  1 66 4.399 1 0.045 0.1725 
Sodium:dicarboxylate symporter 
activity  

1 1 4.300 1 0.166 0.3182 

Sterol O-acyltransferase activity  1 1 4.300 1 0.166 0.3117 
Structural constituent of cuticle  3 13 2.042 1 0.157 0.4012 
Structural constituent of eye lens  3 5 8.370 1 0.026 0.1407 
Structural molecule activity  23 303 1.13 1 0.32 0.4600 
Sugar binding  4 8 9.189 1 0.016 0.1051 
Sulfotransferase activity  1 4 0.806 1 0.365 0.4867 
Transcription factor activity  14 233 2.903 1 0.109 0.3343 
Transcription regulator activity  1 44 2.382 1 0.18 0.3247 
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Gene Ontology 
Total in 

Time Point 
Total in  
Ref-seq 

χ2 
value 

DF p-value FDR 

Translation factor activity  8 132 1.582 1 0.231 0.4087 
Transmembrane transporter activity  8 18 15.998 1 0.001 0.0115 
Transporter activity  54 538 0.144 1 0.709 0.8471 
Tumor necrosis factor receptor binding  1 2 2.296 1 0.239 0.3926 
Ubiquinol-cytochrome-c reductase 
activity  

2 2 8.602 1 0.04 0.1600 

Ubiquitin-protein ligase activity  3 38 0.098 1 0.8 0.9316 
Unfolded protein binding  1 3 1.341 1 0.305 0.4454 
Zinc ion binding  8 71 0.206 1 0.686 0.8304 

 

 

 

Supplementary Table 5.2. The enriched GO terms when using Blast2GO to carry out a Fisher’s 
exact test on the data. Over/ under refers to whether this GO is over or under represented 
within the time-point gene set. 

Gene Ontology Term 
Time 
Point 

Reference 
Over/ 
Under 

p-value FDR 

Catalytic activity 491 5110 Over  0.0131 0.0472 
Carbohydrate binding 19 87 Over 9.39E-04 0.0065 
Hydrolase activity 225 1995 Over 1.53E-04 0.0015 
Peptidase activity 55 417 Over 0.0058 0.0269 
Binding 410 5806 Under 2.33E-11 2.60E-09 
Nucleic acid binding 94 1901 Under 7.45E-11 5.54E-09 
DNA binding 44 1031 Under 3.93E-08 1.25E-06 
Transcription regulator activity 1 145 Under 9.57E-05 0.0010 
Transferase activity 29 637 Under 9.80E-05 0.0010 
Kinase activity 29 637 Under 9.80E-05 0.0010 
RNA binding 22 493 Under 5.00E-04 0.0043 
Phosphotransferase activity 16 392 Under 8.23E-04 0.0061 
Protein kinase activity 16 392 Under 8.23E-04 0.0061 
Electron carrier activity 10 288 Under 0.0011 0.0077 
Transferase activity 112 1673 Under 0.0014 0.0095 
Molecular transducer activity 5 176 Under 0.0055 0.0266 
Signal transducer activity 5 176 Under 0.0055 0.0265 
Transcription factor activity 20 408 Under 0.0065 0.0291 
Total number of genes with GO 
terms used for analysis 

892 10,078    
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Chapter 6 – Thesis Discussion 

 

6.1   General Discussion 

The work of this thesis has highlighted that males of the parasitic wasp Nasonia vitripennis do not 

appear to play the sort of significant role in female reproductive decisions after mating as seen in 

species such as Drosophila melanogaster (Chen et al. 1988, Chapman et al. 1998, Kubli 2008, 2010). 

Firstly, the duration of different phases of male courtship were found to have no observable 

influence over female re-mating decisions (Chapter 3). Further to this, whilst we could identify 

among-strain variation in female polyandry from this study, we found no evidence for among-

strain variation in the duration of courtship phases. Taken together we suggested in Chapter 3 

that whilst the post-copulatory courtship provided by males is important for inducing female 

receptivity loss (as we find no evidence to contradict such findings from van den Assem 1976), 

we found no evidence that variation in male behaviour was associated with variation in female 

receptivity. This suggests that the signal or cue males provide is qualitative and not quantitative, 

limiting the scope for male-female antagonistic coevolution over female re-mating rate. 

Secondly, from the gene expression studies of Chapters 4 and 5 we found little evidence that 

males were influencing physiological processes centred in the abdominal tissues after mating. 

When considering body tissues we identified very few differentially expressed genes (and in 

some cases no differential expression) in response to mating. Indeed an analysis of the influence 

of the various phases of courtship and copulation on gene expression (Chapter 5) found that time 

since mating, and not aspects of courtship/copulation, was associated with the vast majority of 

differentially expressed genes. In contrast, large numbers of differentially expressed genes in 

head tissues were found to be associated with mating (Chapter 4). Again we found that the 
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number of differentially expressed genes changed over time, suggesting that time-point may 

again be an important factor in post-mating gene expression. It is still to be determined however 

whether the large numbers of differentially expressed genes seen in head tissues can be 

specifically associated with male courtship and copulation, as discussed in section 6.2.3 below. 

Thus far we suggest that there is currently limited evidence for much variation in female post-

mating responses being due to males. This suggests that once a female has received the mating 

signal, perhaps during post-copulatory courtship, females remain largely in control of what 

follows in terms of behavioural and physiological changes. We also suggest that females may 

already be in possession of the transcriptional repertoire required for post-mating physiological 

responses, at least in body tissues, upon reaching sexual maturity. 

 

Our finding of limited male input to post-mating responses contrasts with the expected 

paradigm of male-female sexual conflict. Post-mating responses, such as female receptivity loss, 

have previously been demonstrated to be under the control of the male, either through the 

transfer of proteins in the seminal fluid, such as sex peptide in Drosophila melanogaster (as seen in 

Chen et al. 1988, Kubli 2003; see also Box 1 in Chapter 1), or through components of courtship or 

properties of the ejaculate such as volume (e.g. Sugawara 1979, Klowden 2001, Wedell 2005, 

Kocher et al. 2009, Lentz et al. 2009). Indeed we had predicted at the start of this work, based on 

key findings from species such as D. melanogaster and Apis mellifera that we would be able to 

observe post-mating changes in female tissues associated with the male, potentially through the 

seminal fluid or through pheromonal transfer during pre- and/or post-copulatory courtship. 

Indeed our favoured hypothesis for female receptivity loss in Nasonia was that males were 

releasing a pheromone during courtship that would lead to female receptivity loss. We predicted 

this given that sex-peptide from D. melanogaster is a peptide pheromone which is transported to 
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its receptor through a carrier protein (Yapici et al. 2008), such that this mechanism is similar to an 

olfactant binding an olfactory binding protein and being transported to an olfactory receptor. So 

we suggested a mirroring of the SP pathway from Drosophila but being translocated from the 

reproductive tract to the antennae. We further considered that such a pheromone may be 

associated with post-copulatory courtship which had previously been shown to be important for 

female receptivity loss (van den Assem 1976, van den Assem and Jachmann 1999). Whilst we 

cannot yet reject such a mechanism, as detailed examination of head tissues and courtship 

remains to be done, the work thus far is less suggestive of strong male influence on females after 

mating, perhaps as a result of the predominance of female monandry. Instead our work suggests 

that male and female interests may be more closely aligned than in species such as Drosophila 

melanogaster. However, male and female interests are still unlikely to be perfectly aligned, as 

males are polygynous (i.e. there is not true monogamy in Nasonia). Indeed, males may mate with 

numerous females in a short space of time (minutes), and sperm deletion of males is a potential 

cost to females who mate only once with a male with little or no sperm to transfer (male Nasonia 

will mate even if sperm depleted, as is the case in other parasitoids; van den Assem and Visser 

1976, Gordh and Debach 1978, Grant et al. 1980a, King 2000, Steiner et al. 2008). 

 

The limited extent of male control in Nasonia reminds us to be careful of the role of sexual 

conflict and cooperation across different mating systems. Sexual conflict occurs when the 

reproductive interests of males and females diverge, and it is expected that conflict between the 

sexes will be greatest in the most promiscuous species, whilst conflict is expected to be absent 

only in truly monogamous species (Arnqvist and Rowe 2005, Schrempf et al. 2005, Crudgington 

et al. 2010). Female Nasonia are primarily monandrous whilst male Nasonia are polygynous. As 

such, Nasonia differs from species such as D. melanogaster and A. mellifera. Whilst these model 
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systems have provided us with great insights into behaviour and various molecular genetics 

pathways they represent only a limited subset of mating systems. As I shall discuss in section 

6.2.1, we perhaps need to broaden both the species we look at and the mating systems that they 

represent, in order to gain a fuller understanding of the adaptation and evolution of traits in 

response to conflict and cooperation. 

 

6.2   Next steps 

In this section we will discuss two points which are of interest for the further study and 

development of the transcriptomics field and Nasonia more specifically. First we will expand on 

the comments above; highlighting that we should consider a broader range of species when 

studying the molecular genetic basis of sexual behaviour (section 6.2.1). Second, we will discuss 

the development of alternative “–omic” strategies within Nasonia in order to more fully 

characterise the genotype to phenotype map (section 6.2.2). Finally, I will briefly consider the 

correlation of gene expression between the tag-seq and RNAseq experiments of this thesis 

(section 6.2.3) before discussing some specific experiments which will complement the work of 

this thesis (section 6.2.4). 

 

6.2.1   The field 

As already discussed, we based our predictions of the post-mating gene expression changes we 

might find in Nasonia from previous studies considering D. melanogaster and A. mellifera 

(McGraw et al. 2004, Mack et al. 2006, Kocher et al. 2008, McGraw et al. 2008, Dalton et al. 2010, 

Kocher et al. 2010). Whilst we found post-mating gene expression patterns to be similar overall 
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(albeit involving different suites of genes), we found these changes in Nasonia to be primarily 

associated with time since mating and less with elements of the mating interaction itself (this is 

at least the case for the physiological gene expression changes in bodies and will have to be 

investigated further in head tissues; see 6.2.3). Effects which mirrored the profound influence of 

male Drosophila melanogaster on their mating partners, mediated by their diverse array of seminal 

proteins, appeared absent. Although such male effects are also absent in highly promiscuous 

species (such as the seaweed fly Coelopa frigida which can mate many times in a matter of 

minutes: Day and Gilburn (1997); see also Chapman et al (1998)), one clear difference between 

Drosophila and Nasonia is the mating system. Whilst males are polygynous, females are mostly 

monandrous (although polyandry does evolve in the lab: Burton-Chellew et al. 2007, Shuker et 

al. 2007a). This might mean that male and female interests are more aligned in Nasonia compared 

to species such as Drosophila melanogaster, there is less sexual conflict, and males are under less 

selection to manipulate female reproductive decisions (such as fertilisation and oviposition rate 

and female re-mating). We should also note that males commonly compete only with their 

brothers for matings (who due to haplodiploidy with be genetically similar) with females (their 

sisters). This may go some way to reduce conflict between males in instances where a single 

foundress has laid within a patch. However, we wouldn’t expect complete cooperation in 

Nasonia, as males continue trying to mate when reproductively incompetent due to sperm 

depletion, presenting a potential cost to females unable to discriminate spent males and unable 

to re-mate after encountering one.  

 

Generally though, a reduction in sexual competition between males and females has already 

been shown to increase rates of cooperation whilst decreasing rates of male-induced harm 

(Holland and Rice 1999, Martin and Hosken 2003, Tilszer et al. 2006, Kummerli et al. 2010). In the 
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promiscuous species D. melanogaster we see that if they are maintained and allowed to evolve 

under conditions of enforced monogamy for several generations then male influence over female 

post-mating responses is less costly, similarly females showed a reduction in their ability to 

counteract process of male-induced harm (Holland and Rice 1999). This suggests that in 

conditions of reduced competition, such as monogamy, species may benefit by favouring sexual 

cooperation over conflict (Holland and Rice 1999, Kummerli et al. 2010). We should not forget 

however, that sexual selection and conflict can also provide benefits to female reproductive 

fitness and that intermediate mating rates may well be optimal, however when females are 

pushed away from such optima costs of mating are common (Arnqvist and Nilsson 2000).  

 

Expanding our current repertoire of study species will allow us to understand better the 

adaptation and evolution of reproductive traits and provide us with the ability to make more 

accurate predictions about reproductive outcomes. This should not simply be an expansion to 

include more species but should also consider a more diverse representation of different 

ecologies. For example when considering mating traits we should study a variety of species from 

monogamous and monandrous species to species exhibiting low levels of polyandry and finally 

highly promiscuous species from both social and non-social backgrounds. Only by studying a 

wide variety of species behaviourally and transcriptionally will we begin to fully appreciate the 

evolution of post-mating responses and other ecological traits more generally. 

 

6.2.2   Nasonia 

There is a growing argument that to better understand the significance of changes in gene 

expression in relation to phenotypes of interest in species such as Nasonia, we should begin to 
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consider a greater diversity of techniques and to develop tools with which to integrate these 

different approaches. This would allow for the development of a sophisticated framework cross-

linking information such that for any gene of interest, information is available describing its 

molecular function, the tissues in which it is expressed and its expressional relationship with 

developmental, behavioural or environmental responses, correlation between mRNA and 

protein abundances, eventually towards a goal of describing more fully the impact of gene 

expression and subsequent protein abundance in response to or on a phenotype of interest. This 

current debate has stemmed from studies which suggest a lack of correlation between transcript 

and protein abundances (Gygi et al. 1999, Irmler et al. 2008, Rossignol et al. 2009, Laurent et al. 

2010). Such differences can be caused by changes in the regulation of gene expression and 

protein translation for example (Irmler et al. 2008). However, transcriptomic studies have merit 

in their ability to quantitatively query transcript abundances more effectively than protein 

abundance analyses. Regardless, recent studies suggest that variation in transcript abundances 

can represent 40-66% of variation in protein abundances (Vogel et al. 2010, Schwanhausser et al. 

2011), and a multitude of studies have shown detectable transcript expressional differences 

between samples providing evidence that such changes may be of biological importance in 

relation to the phenotypes being explored (Chapter 2, Table 1).  

 

This argument for diverse methodologies when describing the genotype-phenotype map of a 

trait of interest has highlighted an important point however, that transcriptomics provides just 

one (informative) piece of a larger –omics puzzle. Post-transcription mRNA sequences can 

undergo modification and degradation as too can the resultant proteins of such mRNAs. We 

need to consider these multiple levels of variation when considering processes of evolution. As 

well as transcriptomics, several other –omics studies have established themselves to utilise the 
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ability to query specific levels of the genome, including: proteomics, the study of protein 

abundance; epigenomics, mapping of DNA methylation and covalent modifications of histone 

proteins to the genome; metabolomics, considering the abundance of small cellular metabolites; 

interactomics, resolves all the molecular interactions within a cell; fluxomics, considers the 

dynamic changes of molecules in a cell over time, each providing just one dimension of genome 

function (Hawkins et al. 2010, Zhang et al. 2010, Ekblom and Galindo 2011, Diz et al. 2012).  

Integration of these studies to provide an informative conceptual framework in which to fully 

describe a phenotype of interest has been termed “Phenomics” (for review see Houle et al. 2010). 

These authors also call for the development of high-throughput techniques in which to describe 

observable “end” phenotypes. 

 

Whilst there is growing support for the integration of a variety of different –omic strategies to 

improve the interpretation of the genotype-phenotype map (Makowsky et al. 2011, Diz et al. 

2012), we should consider how much more informative “more studies” really are.  Of course 

more information gives us just that, an incremental increase in our knowledge about a genes 

involvement in a phenotype of interest. But what would be most beneficial to me, would be the 

integration of –omic studies where the outcome was an improved interpretation of the available 

data, because the different strategies forced us consider the data in different ways, changing the 

overall conclusions which would be gained from considering each study in isolation. Perhaps 

then, given the cost of performing high-throughput transcriptomic (and any –omic study for that 

matter), the combination of a variety of strategies to fully describe a genotype-phenotype 

interaction will be worthwhile only when the whole is greater than the sum of its parts. 

 

Time will tell whether investing in the integration of different –omic studies in Nasonia will 

ultimately provide us with a stronger understanding of the genotype-phenotype interaction. A 
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step in the right direction however will be to develop our knowledge of the transcriptome data 

that we already have by improving existing gene annotation, including information about 

temporal and spatial expression, and understanding the significance of alternative transcription. 

Developing our understanding of individual genes will ultimately aid in the ability to make 

more informed conclusions about the significance and impact of differential gene expression on 

phenotypes of interest. 

 

6.2.3   Correlation of gene expression between tag-seq and RNAseq data 

In this thesis we have generated transcriptomics data from two types of deepSAGE analysis (tag-

seq and RNAseq). In order to determine how comparable the results from the two studies were 

we considered the correlation of raw gene counts for 30 minute virgin females and 30 minute 

fully mated females. These samples were chosen as they were replicated in both experiments. 

From the tag-seq experiment of Chapter 4 we took the 838 genes with available gene annotation 

for our correlation analysis with the RNAseq experiment of Chapter 5.  

 

We consider first the correlation of gene counts in 30 minute virgin samples. Of the available 838 

genes, 524 were expressed in the virgin samples from the tag-seq study (this reduction also 

includes the removal of duplicates in instances where more than one tag had been assigned to a 

gene). Of the 524 genes, 474 were also expressed in the 30 minute virgin samples from the 

RNAseq experiment. We found a highly significant positive correlation of the log transformed 

average raw gene counts between the two studies (Pearson’s correlation, r=0.437, N= 474, 

p<0.001). This significant correlation is encouraging and suggests that the data are comparable. 

There is, of course, also some scatter in transcript counts (Figure 1A). The funnel shape of Figure 
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1A suggests that this scatter is quite considerable for lower abundance transcripts. This is 

supported by an analysis of tag-seq genes with an average count of <100, which do not show a 

significant correlation with the RNAseq gene counts (Pearson’s correlation, r = 0.076, N = 242, p = 

0.241), whilst tag-seq genes with an average count >100 show a highly significant correlation 

with RNAseq gene counts (Pearson’s correlation, r = 0.488, N = 193, p < 0.001). 

 

A highly significant correlation between the two deepSAGE studies can also be seen in 30 minute 

fully mated female samples. Of the 838 annotated tag-seq genes, 498 were expressed in the 30 

minute mated samples (reduction includes the removal of duplicates). Of the 498 genes, 435 were 

also expressed in the 30 minute fully mated samples from the RNAseq experiment. The positive 

correlation of the log transformed average raw gene counts between the two studies was again 

highly significant (Pearson’s correlation, r = 0.450, N = 435, p< 0.001; see also Figure 1B). 

 

For both virgin and 30 minute mated female samples then we see a highly significant positive 

correlation between the two types of deepSAGE analysis. Generally, gene counts are higher in 

the RNAseq experiment (Figure 1). However this could simply be a measure of the increased 

library sizes of the RNAseq experiment, where sample libraries were generally twice the size that 

of the tag-seq experiment. The degree of correlation observed (~0.45) between the two studies is 

encouraging, suggesting that our results from the two experiments are comparable and perhaps 

indicating that experimental variation, both environmental and biological, is not masking our 

ability to resolve some differences across treatments. However, there is clearly a lot of noise in 

the data, especially for lower abundance transcripts, suggesting that increasing biological 

replication will be an imperative for future work. 
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Figure 1. Correlation of log transformed average raw gene counts between tag-seq and RNAseq 

experiments. A. virgin females and B. fully mated females. Both comparisons were performed on 

samples from 30 minute post-mating (or handling control) treatments. 

 

 

6.2.4   Specific experimental questions 

In the course of the experimental work and the writing of this thesis a number of experiments 

suggested themselves which could help to provide further support for our findings, and explore 

additional avenues related to this work. Here we take some time to discuss these experiments 

and make some predictions in the light of the work of this thesis. 

 

Differential gene expression of female head tissues in response to elements of courtship and mating 

Perhaps the most obvious experiment to perform would be a reciprocal experiment to Chapter 5 

considering gene expression changes in head tissues. Our original experimental design for the 
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work of Chapter 5 had included an analysis of the differential expression of head tissues as 

generated under the same treatment time-points (30 minutes and 24 hours) and in response to 

the same aspects of mating (virgin (V), courted only (CO), courted and copulated (CC), fully 

mated (FM) and two courtships no copulation (2CØC), see Chapter 5 for a full description of 

these treatments). However difficulties in extracting sufficient RNA for adequate RNAseq library 

formation (and time constraints) meant that we pursued only the differential gene expression 

occurring in body tissues, and focused on the implications of the differential expression observed 

in terms of the reproductive physiology of mated females. The next step then would be to repeat 

this experiment, with the same design of Chapter 5 with emphasis on head tissues, perhaps 

looking at larger numbers of females per replicate in order to sequester as much RNA as possible 

from the sample replicates. One reason why we may have produced inadequate amounts of 

RNA previously may have been due to the inability of the RNAlater to infuse fully into the 

tissues of the head and preserve the RNA for analysis. For future experiments with head tissues I 

would recommend extracting the RNA on the day of experimentation. 

 

By observing gene expression changes occurring in head tissues we can consider more directly 

the changes in expression linked with behavioural responses post-mating. We suggest this 

because female head tissues are likely engaged in behavioural responses linked to the sensory 

detection of male courtship elements (visual, pheromonal and potentially tactile) over the more 

physiological responses of body tissues (such as oogenesis). Further to this it was previously 

demonstrated in Apis mellifera that a portion of the variance in gene expression of brain tissues 

could be associated with behavioural responses, whilst ovary tissues were linked to more 

physiological responses (Kocher et al. 2008). Kocher et al. (2008) also identified that the 

expression patterns of brain and ovary tissues differed across the same time-points, suggesting 
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uncoupled gene expression patterns. Similarly in Chapter 4 we observed large-scale increases in 

gene expression in head tissues post-mating, whilst the expression of body tissues at the same 

time-points was much lower.  

 

Specifically this study would allow for the consideration of the influence of the various aspects of 

courtship (CO, CC, FM, 2CØC) on female gene expression and determine if, unlike body tissues, 

males could be shown to be influencing changes in gene expression in head tissues. However, 

the work of Chapter 3 suggests that males may have little quantitative effect on female post-

mating behaviours such as female receptivity, after the qualitative effect of switching off 

receptivity during the second bout of courtship. This qualitative effect was first shown by van 

den Assem and Visser (1976) in an experiment in which females which had not received post-

copulatory courtship retained their receptivity. In addition, van den Assem and Jachmann (1999) 

identified that females which had been courted twice without copulation/insemination showed a 

reduction in their receptivity, suggesting that post-copulatory courtship is important in driving 

this change of female receptivity loss. The disparity previously observed between the expression 

of head and body tissues in Chapter 4 suggests that such a study would identify much larger 

gene expression responses to mating than that seen in body tissues alone (as in Chapter 5). Given 

the expectation to determine gene expression linked to behavioural responses we would expect 

to see the most marked differential gene expression in response to elements of courtship but not 

copulation. We may also expect gene expression patterns of females from the 2CØC treatment to 

closely resemble FM females. In Chapter 4 (head tissues only) we also observed that the number 

of differentially expressed genes continued to increase with time post-mating. We would 

therefore predict to also see time post-mating having a significant association with gene 
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expression after mating in head tissues; however it is uncertain whether the large gene 

expression changes observed in Chapter 4 would be maintained 24 hours after mating.  

 

Female receptivity loss in the absence of copulation 

As mentioned above, van den Assem and Visser (1976) investigated the influence of copulation 

on female receptivity loss. They interrupted the courtship display between a male and a female 

after the termination of genital contact and found that both females courted once (but not 

copulated) and females courted and copulated (without post-copulatory courtship) retained their 

receptivity to mating (van den Assem and Visser 1976). In this way the second courtship is 

believed to induce female receptivity loss in the absence of a male ejaculate. It would be 

interesting to observe what other post-mating behaviours differ significantly between females 

which have received two courtships without copulation (2CØC) and fully mated (FM) females. 

Behaviours of interest to test could include locomotor activity, odour preference, flightiness and 

the duration of delay to female oviposition. In Nasonia and other insects these traits have 

previously been shown to be influenced by mating status. Firstly, locomotor activity increases in 

Nasonia females after mating (King et al. 2000) and has also been shown to increase in D. 

melanogaster in response to elements of the male ejaculate (Isaac et al. 2009). Odour preferences 

have also been shown to alter in Nasonia females as they switch after mating from a preference 

for male pheromones to odours associated with host location (such as the smell of rotting meat, 

Ruther et al. 2007). Similarly, in the butterfly Pieris rapae mated females have also been shown to 

exhibit a higher preference for cabbage plants, their host species, over lettuce plants after mating 

(Ikeura et al. 2010). Flight durations in mated female Nasonia were shown to be more than twice 

that of virgin females in still air tethered experiments (King 1993), and in Apis mellifera females 

which have completed mating flights (which can number up to 12) remained grounded, only 
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flying again if the colony swarmed (Kocher et al. 2010).  Oviposition rates have also been shown 

to increase after mating (Hiss and Fuchs 1972, Mangan 1997, Chapman et al. 1998, Liu and Kubli 

2003). Given our inability to determine significant differential gene expression between FM and 

2CØC females from body tissues in Chapter 5, we may predict that 2CØC treated females may 

behave similarly to FM females. Whilst we should consider that head tissue expression may 

reveal a different story for the influence of males on gene expression, we have in this thesis 

already determined that the variation in behavioural response of female receptivity loss and 

gene expression in body tissues (linked to more physiological process) does not appear to be 

associated with variation in male copulatory behaviour to any appreciable extent.  

 

The influence of sperm-depleted males on female post-mating behaviours 

Males of N. vitripennis have previously been shown to become sperm depleted after mating 

numerous times, and even to continue to mount, court and mate with females (van den Assem 

and Visser 1976, Grant et al. 1980a). Moynihan (2011) demonstrated that after 12 matings males 

were only just beginning to show evidence of sperm limitation, where females that were mated 

later in the sequence laid less female biased broods. The sex ratio laid by a foundress in natural 

populations (and in the lab) is generally female biased. These female biased sex ratios laid by 

foundresses are likely to be sufficient to produce enough males to successfully inseminate all the 

females of a brood, meaning that very low numbers of unmated or uninseminated (constrained) 

females should occur in the wild (Beukeboom and Werren 2000, King and D'Souza 2004, 

Grillenberger et al. 2008). This suggests that whilst there is a risk of mating with a sperm 

depleted male that this risk is not large. It would be interesting then to investigate whether 

females are capable of determining if they have mated with a sperm depleted male. 
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This could be achieved through an experiment looking at the post-mating behavioural responses 

of females which have mated with sperm depleted males (where such males will have mated >12 

times previously). This would allow us to determine whether females mated to sperm depleted 

males exhibited the same post-mating behaviours as inseminated females. We may predict that 

the selection pressure for females to be able to determine their seminal load may be weak due to 

low numbers of constrained females in the wild, suggesting that sperm-depleted and 

inseminated females would be behaviourally similar. However, if the risk of not receiving 

enough sperm was great enough, it may also be possible for females to evolve traits such as 

stretch receptors in the reproductive tracts in order to determine if they have actually been 

inseminated (e.g. Sugawara 1979, Kocher et al. 2010).  

 

A second consideration with this experiment could be to investigate whether females mated to 

sperm depleted males regain their receptivity towards mating. We know that copulation is not 

important to mediate female receptivity loss and that courtship, specifically post-copulatory 

courtship is instead important for this post-mating behavioural change.  Whilst females which 

have received either a 2CØC treatment or have been mated to a sperm depleted male are still 

able to produce male broods due to haplodiploidy, their reproductive fitness will be lower than 

if they were able to produce daughters. A study in the parasitoid Lariophagus distinguendus, 

however, showed that mating with sperm-depleted males did not increase female mating 

frequency (Steiner et al. 2008), and so we may expect that females mated to sperm-depleted 

males may remain refractory to further matings as if they had received a full complement of 

sperm. 
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Male preference for virgin over mated females 

In Chapter 3 we identified that males took longer to mount mated females and copulated with 

mated females for longer than virgin females, suggesting firstly that they can determine female 

mating status and secondly that longer durations of copulation with mated female may be 

advantageous. In Nasonia there is generally first male sperm precedence, however Holmes (1974) 

showed that in instances where the first male was sperm limited, sperm mixing could occur. In 

such instances it might beneficial for males to transfer more sperm to previously mated females 

in order to attempt to secure more fertilisations. Whilst we have demonstrated increased latency 

to mount of mated females (Chapter 3) and van den Assem and Visser (1976) observed that 

males which made contact with recently mated females “retreated suddenly, as if burnt”, it 

would first be valuable to definitively test whether males show a preference for virgin over 

mated females. This could be tested through an olfactory test and tracking locomoter activity of 

males for the preference of the smell of virgin over mated female (as seen in Spalangia endius 

King et al. 2005). 

  

We could also then consider whether males are able to determine if a female has previously 

mated with a sperm depleted male. We could test this by comparing the latency to mount of 

females which are virgin, have mated previously with a male, or females which have previously 

mated with a sperm depleted male (a male which has mated with >12 females or some such). We 

would suggest that given the observable increased durations of copulation in females which had 

mated previously, that males can determine only that a female has previously mated and 

therefore increase their copulation duration. Finally, we could identify whether the longer 

copulations seen when males mate with previously mated females are associated with the 

transfer of more sperm. This could be tested by first mating females to a sperm depleted male 
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and then secondarily to a virgin male and compare the sperm contribution to that provided by a 

virgin male to a virgin female. 

 

6.3   Concluding remarks 

Mating leads to many behavioural and physiological changes after mating. These changes can be 

induced directly or indirectly by the male or may be driven primarily by the female. The work of 

this thesis highlights the importance of careful consideration of the mating systems under study 

and the need to broaden the diversity of study species in order to fully comprehend the 

evolution and adaptation of reproductive traits. It also clearly demonstrates that in Nasonia males 

appear to have perhaps rather little influence over female reproductive decisions post-mating. 

The next steps will be to explore how males may be influencing expressional change in head 

tissues and to consider how this will influence our understanding of sexual conflict and 

cooperation in natural populations of Nasonia. 
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