
 

 

 University of Groningen

Genetic architecture of prezygotic reproductive isolation in the parasitic wasp genus Nasonia
Diao, Wenwen

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Diao, W. (2017). Genetic architecture of prezygotic reproductive isolation in the parasitic wasp genus
Nasonia. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/cebe081e-bf3a-4310-866f-aa9ead98e512


 

    

 
 

Genetic architecture of prezygotic reproductive 

isolation in the parasitic wasp genus Nasonia 

 

 

Wenwen Diao 

  



 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

The research described in this thesis was carried out in the Evolutionary Genetics, 

Development and Behaviour group at the Center of Ecology and Evolutionary Studies (CEES) 

- from 2015 onwards known as the Groningen Institute for Evolutionary Life Sciences 

(GELIFES) - of the University of Groningen, The Netherlands, according to the requirements 

of the Graduate School of Science (Faculty of Science and Engineering, University of 

Groningen). 

 

This research was funded by the EU Marie Curie Initial Training Network “Understanding 

the evolutionary origin of biological diversity” (ITN-2008-213780-SPECIATION). The printing 

of this thesis was supported by the University of Groningen and the Faculty of Science and 

Engineering.  

 

Lay-out and figures: Wenwen Diao 

Cover drawing: Kelley Leung 

Printed by: Gildeprint - The Netherlands  

ISBN (printed): 978-94-034-0120-1 

ISBN (digital): 978-94-034-0119-5 

 



 

    

 
 
 
 
 

Genetic architecture of prezygotic 
reproductive isolation in the parasitic 

wasp genus Nasonia 
 
 
 
 
 
 

PhD thesis 
 
 
 
 

to obtain the degree of PhD at the  
University of Groningen 
on the authority of the  

Rector Magnificus Prof. E. Sterken 
and in accordance with  

the decision by the College of Deans. 
 

This thesis will be defended in public on 
 

Tuesday 28 November 2017 at 11.00 hours 
 
 
 
 

by 
 
 
 
 

Wenwen Diao 
 

born on 14 April 1982 
in Weifang, China  



Supervisor 
Prof. L.W. Beukeboom 
 
 
Co-supervisor 
Dr. L.P.W.G.M. Jacobus Mgn Van De Zande 
 
 
Assessment committee 
Prof. A.G.G. Groothuis 
Prof. J. Ruther 
Prof. J.R. Gadau 

 



 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

to my family 

  



 

   

  



 

   

Contents 

 

Chapter 1  General introduction and thesis overview 9 

Chapter 2  Male courtship and mating behaviour of the youngest species in the 

Nasonia genus: Nasonia oneida 23 

Chapter 3  Variation in courtship and mating behaviour among European 

populations of Nasonia vitripennis 35 

Chapter 4  Male courtship song in the genus Nasonia 53 

Chapter 5  Cuticular hydrocarbon composition of European Nasonia vitripennis 

and its correlation with geoclimatic factors 75 

Chapter 6  Quantitative trait locus analysis of mating behaviour and male sex 

pheromones in Nasonia wasps 99 

Chapter 7  General discussion and conclusions 129 

 

Bibliography 142 

English summary 155 

Dutch summary 161 

List of publications 165 

Acknowledgements 166 

  



 

   

 



 

   9 

Chapter 1 General introduction and thesis overview 
 

Wenwen Diao 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Part of this chapter has been published as:  
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SPECIATION 

How new species arise, known as the process of speciation, is one of the most challenging 

questions of evolutionary biology because most of currently existing species arose 

thousands to millions years ago and are still evolving now. As changes in the phenotype 

only have evolutionary significance when they result from changes in the genotype that can 

be transmitted to successive generations, revealing which genetic changes lead to the 

origin of new species is important to understand Darwinian evolution.  

        In nature, there are four geographic modes of speciation, allopatric, peripatric, 

parapatric and sympatric, based on the extent to which speciating populations are 

geographically isolated from one another. Allopatric speciation, also known as geographic 

speciation, is speciation resulting from divergent evolution of populations that are 

geographically isolated from each other. In peripatric speciation, small peripheral 

populations are formed in isolation since small populations often undergo bottlenecks and 

can adapt rapidly to new niches. Populations in both allopatric and peripatric conditions 

can undergo genotypic and/or phenotypic divergence because of adaptation to different 

habitats (natural selection) or random genetic processes (bottleneck, genetic drift). 

Because of the genetic divergence in the absence of gene flow, when the populations come 

back into contact, they may no longer be capable of exchanging genes and have become 

reproductive isolated. Parapatric speciation is speciation resulting from divergent evolution 

of populations that are geographically adjacent to each other. The zones of two diverging 

populations are largely separate but do overlap to some extent. Populations under 

parapatric conditions can act as a source of divergence by natural selection as they reduce 

the fitness of matings between populations leading to selection for behaviours or 

mechanisms that prevent interbreeding. Sympatric speciation is the formation of two or 

more descendant species from a single ancestral species all occupying the same geographic 

location (Coyne and Orr 2004). It has long been debated how such populations can diverge 

while they share the same habitat and potentially exchange genes (Mayr 1963; Futuyma 

and Mayer 1980; Bush 1994; Orr and Smith 1998; Coyne and Orr 2004; Marie Curie 

SPECIATION network 2012). However, some compelling examples have been documented, 

e.g., host race formation in insects such as the apple maggot fly (Feder et al. 1995, 2003, 

2008; Drès and Mallet 2002; Olsson et al. 2009; Powell et al. 2014). Although each 

mechanism may have different relative importance in driving biodiversity, all these forms of 

natural speciation have taken place over the course of evolution (Baker 2005). 

 

REPRODUCTIVE ISOLATION 

Under the biological species concept species are defined as independent reproductive 

entities, i.e., two individuals that cannot produce viable and fertile offspring are considered 
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belonging to different species. One important question in speciation biology is how 

reproductive isolation barriers become established.  

        There are two general types of reproductive barriers, those that act before fertilization 

are called prezygotic isolation barriers and those that act after fertilization are called 

postzygotic isolation barriers (Orr and Presgraves 2000). Prezygotic isolation includes 

temporal isolation, ecological isolation, behavioural isolation and gametic incompatibility. 

Temporal isolation occurs when individuals do not mate because they are active at 

different times of day or in different seasons. Ecological isolation refers to individuals that 

mate in their preferred habitat, and therefore do not meet individuals of other species with 

different ecological preferences. Behavioural isolation means that potential mates meet, 

but choose members of their own species. Mechanical isolation occurs if copulation is 

attempted, but transfer of sperm does not take place. Gametic incompatibility is a late-

acting form of prezygotic isolation and means that sperm transfer takes place, but the egg 

is not fertilized subsequently. Postzygotic isolation occurs after fertilization and refers to 

factors that reduce hybrid fitness as a consequence of genetic incompatibilities. It can be 

manifested as embryo inviability, hybrid inviability and sterility, or hybrid breakdown which 

is often the result of changes induced by neutral processes such as drift. Zygotic mortality 

occurs if the egg is fertilized, but the zygote does not develop. Hybrid sterility is when the 

hybrid is viable, but the resulting adult is sterile. Hybrid breakdown means that first 

generation hybrids are viable and fertile, whereas subsequent hybrid generations are 

inviable or sterile (Coyne and Orr 2004). Postzygotic isolation barriers are often the result 

of diverged genetic constitutions of species, but infectious bacteria are now also widely 

accepted as a speciation force (Coyne 1992; Bordenstein et al. 2001).     

        One important aspect of reproductive barriers is how they become genetically 

established. Genetic changes must somehow lead to reproductive incompatibilities, such as 

incompatible mating signals (e.g., sender-receiver interactions) that prevent interbreeding, 

incompatible ecological adaptations that when combined in hybrids render them unfit in 

either parental habitat, or incompatible gene interactions that cause intrinsic hybrid 

dysfunctions (e.g., hybrid inviability or sterility) (Presgraves 2010). Prezygotic isolation 

seems to evolve at lower levels of overall genetic divergence than postzygotic isolation, at 

least in sympatry (Coyne and Orr 1989). Mating behaviour differences often form primary 

reproductive barriers and evolve rapidly through sexual selection in the early stage of the 

speciation process (Grant and Grant 1997). Genetics of behaviour is therefore an important 

field of research for understanding the speciation process. 

        Unresolved issues related to reproductive isolation include whether the initial 

establishment of reproductive isolation is due to a few genes with large effect or many 

genes with small effect, with strong selection for a few traits or weaker selection on 
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multiple traits, whether divergence relies on standing genetic variation or new mutations, 

and whether most changes cause reproductive isolation or come into being after the 

speciation event (Barton and Gale 1993; Rice and Hostert 1993; Nosil 2008; Marie Curie 

SPECIATION network 2012). Such knowledge is required to understand how selection and 

drift may cause changes in reproductive isolation between populations in the course of 

evolution. Given recent high-throughput sequencing and computational advances that 

allow genome-wide analyses, we are now capable of rapidly scanning large portions of the 

genome of both model and non-model organisms for differentiation to explore the 

genomic perspective of speciation (Nosil and Feder 2012). 

        Nevertheless, our knowledge of the genetic basis of reproductive isolation is still 

limited (Otte and Endler 1989; Coyne 1992; Coyne and Orr 1998; MacDonald and Goldstein 

1999; Presgraves et al. 2003; Arbuthnott 2009; Beukeboom et al. 2010; Presgraves and 

Glor 2010; Marie Curie SPECIATION network 2012; Giesbers et al. 2013). One longstanding 

question is whether there exist “speciation genes”, e.g., whether certain genes are more 

often involved in causing reproductive isolation than others, or whether any gene can 

cause this. Speciation genes can be associated with any form of reproductive isolation 

barriers, but most is known about those related to hybrid dysfunction causing postzygotic 

isolation (Orr 2005; Presgraves and Glor 2010). Incompatibility between nuclear and 

mitochondrial genes are well known to be associated with reproductive isolation in plants 

(Mayr 1986), but plays a role in animals as well (Ellison et al. 2008; Gibson et al. 2010). 

Presgraves (2010) and Johnson (2010) have argued that genetic changes causing hybrid 

incompatibility might be fixed for non-adaptive reasons, for example, coevolution of 

meiotic drivers and their suppressors.  

        Even less is known about the genetic basis of traits responsible for prezygotic isolation 

(Arbuthnott 2009). For instance, we still know little about the genetic basis of behavioural 

differences between species and how easily such behaviours can change (Ritchie and 

Philips 1998; Shaw and Parsons 2002; Arbuthnott 2009; Laturney and Moehring 2012; 

Giesbers et al. 2013; Niehuis et al. 2013; Diao et al. 2016). Some studies have identified key 

genes, especially for chemical signalling (Shirangi et al. 2009; Smadja and Butlin 2009; 

Lassance et al. 2010), but in many cases analyses remain at the quantitative trait locus 

(QTL) level (e.g., Gleason and Ritchie 2004; Shaw et al. 2007; Laturney and Moehring 2012). 

Genomic and functional genetic studies (e.g., knock down of candidate genes) should 

further document the molecular basis of isolating traits that drive divergence (Marie Curie 

SPECIATION network 2012). 

        In this thesis, I focus on the genetics and genomics of prezygotic reproductive isolation 

in Nasonia wasps that have become a model system for evolutionary biology. I investigate 

phenotypic and geographical variation of traits which may influence prezygotic isolation, 
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such as mating behaviour and chemical communication signals. I perform a QTL study 

combined with markers in candidate genes to determine the genetic architecture of mating 

behaviour and sex pheromones. The results of this research are expected to contribute to 

the knowledge of the genetic basis of reproductive isolation in speciation.  

 

THE NASONIA GENUS - A MODEL SYSTEM FOR SPECIATION STUDIES 

Nasonia (Hymenoptera, Pteromalidae) are 2-3 mm sized parasitoid wasps that sting and lay 

eggs in pupae of cyclorhaphous flies, such as Calliphora and Protocalliphora, which are 

found in bird nests and on carcasses (Whiting 1967; Pultz and Leaf 2003; Grillenberger et 

al. 2008). After egg hatching, the fly larvae feed by sucking blood of nestlings. They usually 

pupate shortly after nestlings have fledged and this is the developmental stage that flies 

are parasited by Nasonia. A wasp’s clutch typically consists of 20-30 eggs depending on 

host size (Charnoy and Skinner 1984).  Offspring typically mate on the patch after which 

females disperse in search of new host patches. Females typically mate only once but they 

may become receptive a second time, in particular in laboratory cultures (van den Assem 

and Visser 1976; Grillenberger et al. 2009). Males can mate multiple times with their 

female partners. 

        The Nasonia genus contains four closely related species: N. vitripennis (Walker 1836), 

N. longicornis, N. giraulti (Darling and Werren 1990) and the more recently discovered N. 

oneida (Raychoudhury et al. 2010a). N. vitripennis can be found throughout the world, but 

the other three species only occur in North America, where their ranges partially overlap 

(see geographical distribution in Figure 1.1). Phylogenetic analyses (see Figure 1.1) revealed 

that N. vitripennis was the first species that split from its sister species, and N. oneida is the 

youngest species that split recently from N. giraulti (Campbell et al. 1993; Raychoudhury et 

al. 2010a, 2010b).  
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Figure 1.1: Geographical distribution and phylogenetic relationship (with Trichomalopsis sarcophagae as outgroup) 
of the Nasonia genus. The figure of geographical distribution is taken from Giesbers et al. (2013). The figure of the 
phylogenetic tree is adapted from Werren et al. (2010) with data of Raychoudhury et al. (2010a).  

 

        The Nasonia genus has been used extensively for research on the genetics of 

speciation and species differences (Breeuwer and Werren 1990, 1993, 1995; Gadau et al. 

1999, 2000, 2002; Bordenstein et al. 2000, 2001, 2003; Beukeboom and van den Assem 

2001, 2002; Velthuis et al. 2005; Niehuis et al. 2008, 2010, 2013; Werren and Loehlin 2009; 

Loehlin et al. 2010a, 2010b; Werren et al. 2010; Buellesbach et al. 2013). There are several 

advantages of Nasonia for genetic study of reproductive isolation barriers. One is its 

haplodiploid reproduction: males are haploid and develop from unfertilized eggs, whereas 

females are diploid and develop from fertilized eggs. As dominance and recessive effects do 

not exist in haploids, haplodiploidy greatly facilitates quantitative genetic analysis of traits 

in males, such as genetic linkage mapping and QTL studies (Gadau et al. 1999, 2002; 

Koevoets and Beukeboom 2009; Loehlin et al. 2010a, 2010b; Niehuis et al. 2011; Gadau et 

al. 2012). Another advantage is the feasibility of interspecific crosses in the laboratory. In 

nature, the four Nasonia species are reproductively isolated due to infection with species-

specific strains of Wolbachia bacteria that cause strong postzygotic isolation through 

cytoplasmic incompatibility and hybrid breakdown in interspecific crosses (Breeuwer and 

Werren 1990, 1995; Bordenstein and Werren 1998; Bordenstein et al. 2001). Antibiotic 

(e.g., tetracycline) curing in the laboratory allows interspecific crosses and genetic analysis 

of species-specific traits (Breeuwer and Werren 1990, 1993; Werren and Loehlin 2009; 

Sharon et al. 2011). Two Wolbachia-free species can successfully produce fertile hybrids, 

allowing gene mapping. Other advantages of the Nasonia species complex are the 

availability of full genome sequences of the four species, and high density marker maps 

(Werren et al. 2010). This makes positional cloning of candidate genes identified with QTL 

studies feasible, as recently demonstrated for a wing size difference (Loehlin et al. 2010a, 

2010b), and a pheromone component polymorphism (Niehuis et al. 2013). 
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        The laboratory culturing of Nasonia is simple. They take up little space and readily 

mate and reproduce in the laboratory environment. Generation time is only 2 weeks (at 

25°C). Wasps are immobile in the pupal stage and therefore can be collected by breaking 

open the fly hosts without the need for anesthetization. Individuals are most easily sexed in 

the black pupal stage after minimal training. The easiest way to distinguish them is by 

looking for the presence of an ovipositor in the distal end of the abdomen. In N. vitripennis, 

males can also be distinguished by small wing pads. Furthermore, Nasonia can be easily 

obtained from the field (Whiting 1967; Grillenberger et al. 2008; Paolucci et al. 2013). 

Wasps can be collected from bird nests as they parasite and develop in fly pupae that occur 

in bird nests. The time with high chance of collecting Nasonia is just after birds have 

fledged. Nests can be removed and dissected to look for parasitized fly pupae. 

Alternatively, adults Nasonia can also be collected directly in the bird nests or baits that 

contain fly pupae. After collection, isofemale strains can be established either from the 

adults collected directly from the field or from progenies that emerged from pupae of bird 

nests or baits.     

        Nasonia has a facultative diapause that occurs at the fourth larval instar just before 

pupation and it is induced by the mother depending on photoperiod and age (Saunders 

1965; Paolucci et al. 2013). Diapause larvae can be kept under diapause condition (5°C, 

0:24 h light/dark cycle) in the laboratory for more than a year. This means their 

maintenance efforts can be reduced which is very convenient to keep field-collected lines 

alive. A schematic life cycle of Nasonia is shown in Figure 1.2. 

 

 
 

Figure 1.2: life cycle of Nasonia consisting of several developmental stages. Photos were taken by Peter Koomen.  
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PREZYGOTIC ISOLATION IN NASONIA 

In the Nasonia species complex, all species perform a complex mating ritual which consists 

of a series of interactions between the male and female and ends with female receptivity 

and copulation (Whiting 1967; van den Assem 1986; van den Assem and Werren 1994; 

Beukeboom and van den Assem 2002; Velthuis et al. 2005; Burton-Chellew et al. 2007). The 

Nasonia male releases sex pheromones, perform courtship behaviours and produce sounds 

by vibrating their wings  to induce female receptivity (van den Assem et al. 1980; van den 

Assem 1986; Clark et al. 2010). Given that there is clear interspecific female mate 

discrimination between Nasonia species (Raychoudhury et al. 2010a; Giesbers et al. 2013) 

and that some species occur in sympatry and others in allopatry, the importance of these 

traits in causing prezygotic isolation can be well investigated.  

        Courtship behaviour is known to play a pivotal role in the onset of population 

divergence leading to premating reproductive isolation between species (e.g., Hoikkala et al. 

2000; Williams et al. 2001; Gleason et al. 2002; Gleason and Ritchie 2004; Mackay et al. 

2005; Arbuthnott 2009; Joyce et al. 2010; Giesbers et al. 2013). The Nasonia species differ 

in male courtship behaviour and can be recognized by their species-specific courtship 

pattern with both qualitative and quantitative aspects (van den Assem and Werren 1994; 

Drapeau and Werren 1999). Courtship and mating behaviour have been well described in 

three of the Nasonia species, N. vitripennis, N. longicornis and N. giraulti (Cousin 1933; 

Barrass 1960a, 1960b, 1961; Whiting 1967; van den Assem 1986; van den Assem and 

Werren 1994; van den Assem and Beukeboom 2004; Peire Morais 2007). However, the 

complete characteristics of male courtship behaviour of the youngest species in the genus, 

N. oneida, have not been described in full. The role of differences in male courtship 

behaviour in preventing interspecific mating is not clear. For example, it is not known to 

what extent the differences in male courtship behaviour are perceived by the female to 

affect their receptivity. Moreover, it is unclear whether male courtship behaviour has 

mostly been shaped by intraspecific sexual selection as suggested by Barrass (1976) and 

Jachmann and van den Assem (1996), or has also been modulated by interspecific 

interactions. As to the genetic basis of courtship behaviour, several chromosomal regions 

that are associated with specific male courtship components and female mate 

discrimination have been identified (Velthuis et al. 2005; Peire Morais 2007), but, the 

underlying genes of these behaviours have not yet been characterized. 

        Male courtship song, created by wing vibration, is another factor which may play a role 

in mate choice. Song has been shown to be an important part of male courtship behaviour 

in many species of Drosophila (e.g., Cowling and Burnet 1981; Kyriacou and Hall 1982; Cobb 

et al. 1989; Ritchie and Kyriaco 1994; Ritchie and Gleason 1995, Demetriades et al. 1999; 

Saarikettu et al. 2005; Hoikkala et al. 2007; Veltsos et al. 2012; Debelle et al. 2014). In 
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Nasonia, male wasps also vibrate their wings (van den Assem 1986) as part of their 

courtship behaviour, but the role of song differences in inducing female receptivity is 

unknown. Van den Assem and Putters (1980) provided a more detailed description of N. 

vitripennis sonograms: a continuous repetition of a horseshoe like pattern, at about 3 per 2 

seconds (at 22°C), with the start and end at about 50 Hz, and a peak frequency of about 

400 Hz. The song characteristics of the other three Nasonia species have not been reported 

and any inter- and intra-specific variation remains to be analysed. Moreover, no study has 

addressed the genetic architecture of courtship song in Nasonia. 

        Chemical signals are probably the oldest means of communication in insects. Volatile 

sex pheromones are often produced by one of the two sexes to form a specific odour that 

is recognized by the other sex leading to attraction and copulation between the partners. 

Nasonia males can produce long-range and short-range sex pheromones to attract the 

female from distance (van den Assem et al. 1980; Ruther et al. 2007, 2008) and to induce 

receptivity in courted females (van den Assem et al. 1980; Ruther et al. 2010). The long-

range sex pheromone is produced from the gland of male’s abdomen and consists of three 

components (4R,5R)-5-hydroxy-4-decanolide (RR-HDL), (4R,5S)-5-hydroxy-4-decanolide (RS-

HDL) and 4-methylquinazoline (Ruther et al. 2007, 2008). Niehuis et al. (2013) reported 

that N. vitripennis is the only Nasonia species whose males biosynthesize the long-range 

sex pheromone component RR-HDL, besides RS-HDL and 4-methylquinazoline. The genetic 

basis of production of the extra chemical component RR-HDL in N. vitripennis has been 

narrowed down by genetic mapping to two genomic regions, one on chromosome 1 and 

one on chromosome 4 (Niehuis et al. 2013). Yet, the quantity of long-range sex pheromone 

(e.g., RS-HDL), which might determine the duration of the latency time, has not been 

investigated. The short-range pheromone is deposited by mandible contact of the male 

during courtship on the female’s antennae to induce female receptivity (van den Assem et 

al. 1980), but its chemical composition has to date not been elucidated.  

        In addition to volatile sex pheromones, non-volatile pheromones such as cuticular 

hydrocarbons (CHCs) present on the body surface of insects can also act as chemical cues in 

mate choice. They serve multiple functions, including protection against desiccation, barrier 

against microbial infection, recognition cues, and sex pheromones (Edney 1977; Hadley 

1981; Coyne et al. 1994; Wagner et al. 2001; Ferveur 2005; Howard and Blomquist 2005; 

Lucas et al. 2005; Mas and Jallon 2005; Johansson and Jones 2007; Peterson et al. 2007; 

Blomquist and Bagneres 2010; Veltsos et al. 2012; Chung and Carroll 2015; Wurdack et al. 

2015). Buellesbach et al. (2013) reported that in all Nasonia species except N. giraulti the 

CHC profiles of the female are a cue for males to decide whether or not to mount the 

female as part of the mating behaviour repertoire. Raychoudhury et al. (2010a) and 

Buellesbach et al. (2013) found that CHC profiles of the Nasonia species differ strongly. 
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Niehuis et al. (2011) identified genes for alkene biosynthesis with a high similarity to 

Drosophila in a QTL study of cuticular hydrocarbon differences between N. giraulti and N. 

vitripennis. No studies have considered the potential influence of geoclimatic factors on 

insect CHCs composition. 

        Divergence of mating signals and mate recognition systems is considered as one of the 

most important factors in speciation (Shaw and Parsons 2002). Analysis of local variation 

within and among populations of a species may reveal phenotypic differences that affect 

mate choice and gene exchange. This can offer unique insights into the interplay between 

genes and environment in the ontogeny of population differences (Miller et al. 1998; 

Bordenstein et al. 2000; Lachlan and Servedio 2004). In general, genetic differentiation 

increases with geographical distance between populations (Mayr 1963; Coyne and Orr 

2004). Genetic divergence arises from selection for adaptations to local environments 

among allopatric populations (Coyne and Orr 1998). In addition, genetic drift may lead to 

differences in behaviour and sexual isolation when such divergence is correlated with 

behaviour (Mayr 1963; Koepfer 1987; Coyne and Orr 2004). Due to its wide geographical 

distribution and well-studied mating behaviour, geographical variation in reproductive 

isolation can be investigated in Nasonia. Moreover, the environment may exert selection 

on some of the genes that are coding for courtship behaviour and CHCs, in particular when 

these genes have pleitropic effects on other traits. For example, clock genes may be 

selected for adaptation to photoperiodic conditions depending on latitude and also affect 

aspects of courtship behaviour, or genes that underlie CHC profiles may undergo selection 

for desiccation resistance depending on climatic conditions as well as for mate recognition. 

Thus, the genetic architecture of reproductive isolation is potentially complex and subject 

to multiple and opposing selection pressures.  

 

OUTLINE OF THIS THESIS 

This PhD research is part of the EU funded Marie Curie Initial Training Network (ITN) 

“SPECIATION”, with researchers from four European universities; University of Sheffield 

(England, UK), University of St. Andrews (Scotland, UK), University of Jyväskylä (Finland) and 

University of Groningen (The Netherlands). The aim of the “SPECIATION” network is to 

develop nine PhD projects under three inter-related research themes: (1) the genetics and 

genomics of reproductive isolation, (2) behavioural mechanisms of speciation, (3) 

evolutionary and ecological drivers of diversification, in order to understand the 

evolutionary origin of biological diversity and to study mechanisms of speciation. The 

approach is to select powerful model systems with which to investigate the progress of 

speciation and related mechanisms, and to apply modern techniques from quantitative and 

behavioural genetics, molecular ecology and environmental genomics.  
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        The goal of my PhD research project is to investigate phenotypic variation and genetic 

architecture of traits underlying prezygotic reproductive isolation in the Nasonia species 

complex: mating behaviour (including courtship behaviour and courtship song) and 

chemical communication (including cuticular hydrocarbons and sex pheromones). I aim to 

mainly answer the following questions: What is the variation in potential prezygotic 

isolation traits within and between species? Is there any latitudinal geographic difference of 

those traits within a species? What is the genetic basis of mating behaviour and sex 

pheromone variation? By addressing these questions, I aim to answer whether mating 

behaviour and chemical signals act as efficient prezygotic isolation barriers in reproductive 

isolation during the process of speciation. 

        In Chapter 2, I first investigate one potential prezygotic isolation trait - courtship 

behaviour - of the youngest species in the Nasonia genus, Nasonia oneida, to complete the 

description of male courtship behaviours in the Nasonia species complex. Another goal of 

this chapter is to evaluate whether this species can be used in experiments aimed at 

identifying the genetic basis of prezygotic reproductive isolation (see Chapter 6). My results 

demonstrate that N. oneida, like the other Nasonia species, can also be recognized by its 

species-specific courtship characteristics and that it resembles most N. giraulti. Given the 

strong behavioural isolation of N. oneida from the other Nasonia species, this species was 

identified as very suitable for further genetic analysis of prezygotic isolation factors within 

the Nasonia genus.         

        In Chapter 3, I study the phenotypic intraspecific variation of male courtship behaviour 

and female choice of the widespread species, Nasonia vitripennis, collected in Europe along 

a latitudinal cline from Southern Italy to Northern Finland. Additionally, I analyse the 

correlation between behavioural variation and latitude. My results reveal variation in some 

of the male courtship components (e.g., number and duration of elements) among 

populations, but only few behavioural components followed a latitudinal gradient 

(including courtship initiation speed, latency time and headnod numbers in the first and 

second cycle within a courtship bout). No difference in intra-population versus inter-

population mate discrimination was found. All results suggest that the populations are large 

enough to prevent detectable drift effects on geographical differentiation in courtship and 

mating behaviour in this species. 

        In Chapter 4, I investigate interspecific and intraspecific phenotypic variation of 

another prezygotic isolation trait – courtship song, created by wing vibration during male 

courtship. Laboratory strains of all four Nasonia species and field strains of European 

Nasonia vitripennis were used for this study. My results indicate that all Nasonia species 

share a clear hum song that is similar to the sine song in Drosophila, but they do not have a 

pulse song. Species-specific male courtship songs were evident in Nasonia. Variation was 
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detected in the song patterns (including song bursts, pause durations and frequency) 

among N. vitripennis strains, and this variation correlated weakly with latitude. The overall 

pattern of the song shows similarity to behavioural components of courtship. 

        In Chapter 5, I identify intraspecific phenotypic variation of another prezygotic isolation 

trait – cuticular hydrocarbon (CHC) sex pheromones – in European Nasonia vitripennis 

strains. I compare CHC profiles with two American N. vitripennis strains, one N. giraulti and 

one N. longicornis strain. I correlate ratios of CHC substance classes, including alkanes, 

alkenes, monomethyl-alkanes, dimethyl-alkanes, and trimethyl-alkanes, with several 

geoclimatic factors, including latitude, mean temperature, temperature range, humidity 

and precipitation, to identify possible impact of geoclimatic factors on the genetic 

background of intraspecific CHC composition. I find that European N. vitripennis CHC 

profiles, in both female and male, overlap with those of American N. vitripennis, but are 

different from the other two species, which is consistent with species- and sex-specific CHC 

compositions of Nasonia. Intraspecific variation is found in CHC profiles of both females 

and males, and the variation is not along a latitudinal gradient. Significant correlations are 

found between the CHC ratio (alkanes - monomethyl-alkanes) / (alkanes + monomethyl-

alkanes) with latitude, mean temperature, and temperature range among females. 

Furthermore, significant correlations are detected between CHC ratios in females, but not 

in males, with mean annual precipitation rates. These results suggest that geoclimatic 

factors have an impact on female CHC compositions in N. vitripennis. 

        In Chapter 6, I investigate the genetic architecture of male pheromone quantity, male 

courtship behaviour and female choice, as aspects of prezygotic isolation. I use the 

youngest species pair of the Nasonia species complex, Nasonia giraulti and Nasonia oneida, 

that exhibit strong prezygotic isolation. With reciprocal interspecific crosses between these 

two species, I designed a QTL study, involving 475 recombinant hybrid males (F2) and 2148 

reciprocally backcrossed females (F3). With genome sequence information, a linkage map 

of 92 single nucleotide polymorphism (SNP) markers including 52 equally spaced neutral 

SNP markers plus SNPs in 40 candidate mating behaviour genes were used. My results 

demonstrate that the RS-HDL pheromone plays a role in the mating system of N. giraulti 

and N. oneida. I detect four QTL for male pheromone quantity. No QTL are found for 

female mate discrimination, which points at a polygenic architecture of female choice with 

strong environmental influences.  

        In Chapter 7, I synthesize all results of the previous chapters. I summarize the current 

knowledge of prezygotic reproductive isolation factors in Nasonia wasps and discuss what it 

means for our understanding of the process of speciation.  
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ABSTRACT  

Nasonia (Hymenoptera, Pteromalidae) is a genus of parasitic wasps, that has become a 

model for evolutionary and genetic studies. The genus consists of four species, of which N. 

longicornis, N. giraulti and N. oneida are endemic to North America, while N. vitripennis is 

cosmopolitan. In this study, we describe male courtship and mating behaviour of the 

youngest species in this genus: Nasonia oneida. N. oneida displays the same basic courtship 

and mating behaviour pattern as the other Nasonia species but there are small 

presence/absence differences of specific components and quantitative differences in 

number and duration of elements, that are diagnostic for the species. These differences are 

discussed in the context of the recent evolution of N. oneida and the role in reproductive 

(prezygotic) isolation. 
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INTRODUCTION 

The genus Nasonia (Hymenoptera, Pteromalidae) has been used for genetic research for 

over 50 years (Whiting 1967) and is now established as a model system for evolutionary 

and genetic studies (e.g., Beukeboom and Desplan 2003; Shuker et al. 2006; Werren and 

Loehlin 2009; Raychoudhury et al. 2010a; Werren et al. 2010; Gadau et al. 2012; 

Buellesbach et al. 2013; Giesbers et al. 2013). In addition to the three species previously 

known, Nasonia vitripennis (Walker 1836), Nasonia longicornis and Nasonia giraulti (Darling 

and Werren 1990), Nasonia oneida is a recently discovered species (Raychoudhury et al. 

2010a). It occurs sympatrically with N. vitripennis and N. giraulti in eastern North America. 

On a phylogenetic tree N. vitripennis is the first species that split from its sister species 

lineage approximately 1.0 million years ago (Campbell et al. 1993). About 0.46 million years 

ago N. longicornis and N. giraulti diverged, and N. oneida split from N. giraulti about 0.41 

million years ago (Raychoudhury et al. 2010a). 

        In nature, the Nasonia species are reproductively isolated owing to infection with 

species-specific strains of the endosymbiont Wolbachia, which causes postmating isolation. 

Interspecific crosses result in cytoplasmic incompatibilities and hybrid breakdown 

(Breeuwer and Werren 1990, 1995; Breeuwer et al. 1992; Bordenstein et al. 2001). 

Raychoudhury et al. (2010a) investigated the degree of postzygotic isolation of N. oneida 

with the other three Nasonia species and found significant levels of hybrid breakdown with 

N. vitripennis, asymmetric and unidirectional isolation with N. longicornis but little or none 

with N. giraulti. The latter result is consistent with the most recent divergence of N. oneida 

from N. giraulti. Raychoudhury et al. (2010a) also reported strong prezygotic isolation in 

terms of mate discrimination between N. giarulti and N. oneida. This suggests that certain 

mate recognition cues have diverged between these two species. As N. oneida is sympatric 

with N. vitripennis and N. giraulti in its native range in New York State (Raychoudhury et al. 

2010a), this high level of mate discrimination probably has a role in maintaining genetic 

integrity of the species in nature. 

        Reproductive isolation of the Nasonia species is likely determined by a combination of 

prezygotic isolation factors, such as male courtship behaviour, pheromone and other 

chemical communication, and male courtship song characteristics. For N. vitripennis, N. 

longicornis and N. giraulti, courtship and mating behaviour have been well described 

(Cousin 1933; Barrass 1960a, 1960b, 1961; Whiting 1967; van den Assem 1986; van den 

Assem and Werren 1994; van den Assem and Beukeboom 2004; Peire Morais 2007), but 

not for N. oneida. Courtship displays of these three species are sufficiently diverse to be 

diagnostic at the species level, both on qualitative differences (species-characteristic motor 

patterns) and quantitative differences (number and/or duration of similar elements) (van 

den Assem and Beukeboom 2004). As to chemical communication, Ruther et al. (2007, 
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2008) demonstrated that males produce a species-specific long-range sex pheromone to 

attract the female. In addition, Raychoudhury et al. (2010a) and Buellesbach et al. (2013) 

found cuticular hydrocarbon profiles of all Nasonia species, including N. oneida, to be 

strongly divergent. Buellesbach et al. (2013) further provided evidence that the cuticular 

hydrocarbon profiles of the female is used by males to decide whether or not to mount the 

female. Giesbers et al. (2013) also report a role of female cuticular hydrocarbons for 

assortative mating of males in N. oneida. As to the response of the female to these 

components of courtship behaviour, Raychoudhury et al. (2010a) and Giesbers et al. (2013) 

reported a strong interspecific mate discrimination by N. oneida female against males of 

the other three species. 

        The typical Nasonia courtship behaviour is depicted in Figure 2.1. It consists of several 

stages (van den Assem 1986; van den Assem and Beukeboom 2004; Clark et al. 2010). 

During a latency period the male produces a long-range sex pheromone to attract its 

female partner and mounts the female (Buellesbach et al. 2013). Upon taking a stereotype 

position on top of the female, the male starts courtship by touching the antennae of the 

female with its own, followed by a series of movements of the head, called “head-nods”, 

together with vibration of the wings, interspersed with a pause. This pattern of head-nods 

that ends with a pause is termed a cycle, which is repeated several times. At each first head 

nod in a cycle, the male deposits an as yet unidentified short-range pheromone 

(aphrodisiac) on the female’s antennae. After a number of cycles, the female will either 

accept the male by lowering her antennae and raising her abdomen for copulation, or 

reject the male, who will then dismount and terminate courtship. Successfully mated males 

move back on top of the female after copulation to perform post-copulatory courtship 

consisting of a few similar cycles of head-nods and pauses with a pheromone released to 

suppress female receptivity for further mating, and subsequently dismount. 

 

 
 

Figure 2.1: Schematic representation of Nasonia courtship display.  After introduction of the male to the female 
there is a latency period during which the partners locate each other. The male mounts the female and positions 
himself on her head. Following rhythmic display movements include repeated series of head noddings and pauses 
in cycles. Vertical lines represent separate head-nods. The interval between the first nod of two consecutive series 
is used as a measure of the cycle durations. Figure is adapted from van den Assem and Beukeboom (2004). Wasp 
symbols are from Clark et al. (2010). 
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        In this study, we provide a detailed analysis of the male courtship and mating 

behaviour of Nasonia oneida which is the youngest species in Nasonia genus and compare 

it with the other Nasonia species. The results are discussed in the context of the recent 

evolution of N. oneida and the role in reproductive (prezygotic) isolation. 

 

MATERIAL AND METHODS 

Experimental strains and culture conditions 

N. oneida used in this study are from the inbred isofemale lab strain NONY11/36, collected 

in Brewerton, New York (Raychoudhury et al. 2010a). It is the same strain as 

NONY11/36TET (Wolbachia-cured) used for the Nasonia Genome Project (Werren et al. 

2010). Wasps were cultured in the laboratory on Calliphora fly pupae at 25°C, L16:D8 

photoperiod and 45% relative humidity. 

 

Behavioural assays 

Observations were performed under standard laboratory conditions. Procedures were 

similar to those of Beukeboom and van den Assem (2001). Virgin males and females were 

collected and sexed in the immobile black pupal stage by cracking open their host fly 

puparia 1-2 days prior to eclosion. The easiest way to distinguish the sex is by looking for 

the presence of an ovipositor at the distal end of the ventral side of the abdomen (present 

in female, but absent in male). After eclosion, males and females were placed individually in 

glass tubes (height 30mm, diameter 10mm) one day prior to the mating trial. 24- to 48-h 

old virgin males were paired with either a virgin or previously mated female from the same 

isofemale strain in no-choice experiments. The start of each mating trial was set by joining 

the two glass tubes together. There were two experimental approaches: (1) To obtain data 

on long male courtship displays, virgin males were paired with a previously mated and 

therefore non-receptive female. Mating trials were ended when the male gave up his 

display and dismounted the female; (2) To obtain data on duration of copulation, virgin 

males were paired with virgin receptive females until copulation or dismounting took place. 

The courtship performance of males that had mounted on the female was recorded for 10 

minutes under a stereo binocular microscope. Several typical male courtship display 

elements were quantified, including (a) duration from male mounting on female till 

performance of the 1
st

 head-nod; (b) head-nod numbers in each cycle; (c) duration of each 

cycle; (d) duration of copulation. A total of 20 pairs of N. oneida naive males with mated 

females, and 20 pairs of naive males with virgin females were recorded. Individuals were 

used only once. 
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RESULTS 

Courtship and mating behaviour of N. oneida in comparison with other Nasonia species 

The general structure of N. oneida male display is similar to the basic pattern of other 

Nasonia species. It consists of stereotyped motor patterns with repeated movements of 

the head, mouthparts, antennae, wings and legs at intervals in a strict order. N. oneida 

males pursue females not as vigorously as N. vitripennis males, similar to N. giraulti, but 

more vigorously than N. longicornis. In N. oneida, the time from reaching the courtship 

position on the female’s head until performance of the first head-nod is relatively long, 

with duration of 4.75 ± 2.75 seconds (mean ± SD, n = 20) (Table 2.1). In the other three 

species, N. vitripennis, N. giraulti and N. longicornis, this time is 1.9 ± 2.0 seconds (mean ± 

SD, n = 134), 4.9 ± 1.7 seconds (mean ± SD, n = 26), and 10.2 ± 4.6 seconds (mean ± SD, n = 

32) respectively (van den Assem and Werren 1994) (Table 2.1). 

 

Specific stereotyped motor patterns of N. oneida 

Once the N. oneida male arrives at the courtship frontal position on top of the female, the 

antennae are in the angling mode with vibrating flagellae in between the female antennae. 

The first cycle is always preceded by an antennal sweep, as present in N. longicornis and N. 

giraulti, but absent in N. vitripennis. Meanwhile, the N. oneida male starts nodding his head 

with small amplitudes without mandible extrusion, becoming more pronounced in 

combination with the antennae gradually moving more sideways. A head-nod series 

terminates with a clear antennal sweep, the head protrudes to an almost horizontal 

posture and mouthparts are extruded. The N. oneida male does not bend over as far as N. 

giraulti, i.e., the antennae do not make contact with the female’s mouthparts. In 

subsequent cycles within a courtship bout, head-nod amplitudes of N. oneida male are 

more pronounced but without mouthpart extrusion. Forefeet movements appear 

frequently just ahead of the antennal downward stretch, giving the impression of 

“hammering” instead of “stepping” as in N. vitripennis, but very different from the 

alternating typical “rubbing” in N. longicornis. Hind-feet strokes are performed along the 

leading edge of the female’s forewings, which is a N. giraulti speciality (van den Assem and 

Beukeboom 2004). Qualitative aspects of courtship motor pattern in N. oneida and the 

other three Nasonia species (van den Assem and Werren 1994; van den Assem and 

Beukeboom 2004) are shown in Table 2.2. 

 

Head-nod numbers and cycle durations  

Similar to other species, a courtship bout of N. oneida consists of a series of headnods that 

are interrupted by pauses. Consecutive head-nod series contain fewer head-nods, the time 

interval during which head-nods are performed decreases and the pause durations increase 
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within consecutive cycles of a courtship bout. Yet, there are distinct differences in head-

nod numbers per cycle and duration of cycles (Figure 2.2 and Table 2.1). N. oneida has the 

highest average head-nod numbers per cycle and the longest cycle duration, compared to 

the other three species. This is consistent with the species-specific pattern in the number of 

head-nods and duration of cycles in consecutive series for each Nasonia species. The 

number of head-nods in the first series varies, some males started with a low number (5 to 

7, n = 11) and some with a high number (12 to 15, n = 9). The head-nod numbers increase 

to 13.95 ± 1.73 (mean ± SD, n = 20) in the second cycle and gradually decreases to 9.95 ± 

2.06 (mean ± SD, n = 18) in the fourth cycle (Figure 2.2A). This pattern of increasing head-

nod numbers from cycle 1 to cycle 2 followed by a gradually decrease in consecutive cycles 

is the same as N. giraulti, whereas N. vitripennis and N. longicornis show an increasing 

pattern from the start. The duration of courtship cycles in N. oneida also resemble that of 

N. giraulti, they are long and remain rather constant during a courtship about, with average 

duration of 21.57 ± 1.27 SD seconds (n = 4 cycles and 20 individuals) (Figure 2.2B). Only the 

first cycle is somewhat shorter when head-nod numbers are low.  

 

 
 
Figure 2.2: Courtship patterns of Nasonia. Shown are average and standard error of (A) head-nods numbers in the 
first four cycles and (B) durations of the first three cycles of all four Nasonia species. Data of N. oneida are from 
this study. Data of the other three species are from (2007). 

 

Copulation durations 

When a N. oneida male mounted a virgin female, female receptivity always followed, with 

100% copulation at the first cycle (n = 20). This is faster than other species that typically 

take three or four cycles (van den Assem and Werren 1994) (Table 2.1). Copulations lasted 

14.97 ± 4.81 seconds (mean ± SD, n = 20) and is very similar to the other Nasonia species 

(van den Assem and Werren 1994) (Table 2.1). Post-copulatory courtship is short with 



| Chapter 2 

30   

typically two cycles with three to four head-nods each. This is similar to N. vitripennis and N. 

longicornis that display one or two cycles, but shorter than N. giraulti with three to six 

cycles, after which the male dismounts. 

 
Table 2.1: Quantitative aspects of courtship and mating in N. oneida and the other three Nasonia species. Average 
± standard deviations are shown with sample sizes in parentheses. Data of N. oneida are from this study. Data of 
the other three Nasonia species are from van den Assem and Werren (1994). Data on duration of mounting to 1st 
nod were obtained with virgin males and mated females, whereas data on copulation time, percentage of 
receptivity, and number of postcopulatory nodding series were obtained with virgin males and virgin females. 
 

 N. oneida N. vitripennis N. longicornis N. giraulti 

Duration of     

Mounting to 1st nod 4.75±2.75 (20) 1.9±2.0 (134) 10.2±4.6 (32) 4.9±1.7 (26) 

Copulation 14.97±4.81 (20) 22.3±2.6 (134) 18.5±2.8 (25) 15.5±1.6 (15) 

Cumulative percentage receptive at    

1st cycle 100% (20) 35% (157) 8% (2) 40% (6) 

2nd cycle  75% (338) 52% (13) 80% (12) 

3rd cycle  95% (427) 76% (19) 100% (15) 

4th cycle  100% (450) 100% (25)  

Number of      

Postcopulatory nodding series 2 1-2 1-2 3-6 

 
 
Table 2.2: Qualitative aspects of courtship motor patterns in N. oneida and the other three Nasonia species. Data 
of N. oneida are from this study. Data of the other three species are from van den Assem and Werren (1994) and 
van den Assem and Beukeboom (2004). 
 

Male courtship patterns N. oneida N. vitripennis N. longicornis N. giraulti 

Antennal sweep before the 1st series √ × √ √ 

Antennal sweep before the subsequent series √ √ √ √ 

Antennal contact with female’s mouthparts × × × √ 

Mouthpart extrusion during head nodding × 
with every 
headnod 

only during 1st 
nod of each cycle 

with every 
headnod 

Forefeet movements hammering stepping rubbing hammering 

Hindleg movements of stroking along the 
leading edge of the female’s forewings 

√ × × √ 

 

DISCUSSION 

We have analysed male courtship displays in a strain of Nasonia oneida and compared it to 

the other three known Nasonia species. Our results reveal that Nasonia oneida male 

courtship is typical for the Nasonia genus, containing the same components as the other 

species (van den Assem and Werren 1994; van den Assem and Beukeboom 2004; Peire 

Morais 2007). Yet, it is clearly different from the other Nasonia species when considering 
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the overall pattern (Table 2.2). For example, N. oneida does never display male mouthpart 

extrusion during head nodding, in contrast to N. vitripennis and N. giraulti that show it with 

every headnod and N. longicornis which performs it only during the first nod of each cycle. 

As mouthpart extrusion is likely connected with pheromone release, this may mean that N. 

oneida males do not produce the aphrodisiac or at least not in a similar fashion as the other 

Nasonia species. There are also quantitative differences in the number and duration of 

similar elements, such as head-nod numbers and duration of cycles. Therefore, like the 

other Nasonia species, N. oneida can also be recognized by its species-specific courtship 

characteristics with more resemblance to N. giraulti than the other species, which is 

consistent with the divergence time between the species within the Nasonia genus. 

        Differences in courtship behaviour can be an important prezygotic isolation 

mechanism as part of the process of speciation. N. oneida was recognized as a separate 

species based on its strong mate discrimination against the other Nasonia species 

(Raychoudhury et al. 2010a; Giesbers et al. 2013). In general, we still know little about the 

genetic basis of behavioural differences between species and how easily such behaviours 

can change (Ritchie and Philips 1998; Shaw and Parsons 2002; Velthuis et al. 2005; Peire 

Morais 2007; Arbuthnott 2009; Laturney and Moehring 2012; Giesbers et al. 2013; Niehuis 

et al. 2013). Previous studies have already demonstrated the usefulness of the possibility of 

mating between species in laboratory populations of Nasonia after curing with antibiotics 

(Velthuis et al. 2005; Peire Morais 2007; Diao et al. 2016). They have identified several 

chromosomal regions that are associated with female mate discrimination and male 

courtship components. The underlying genes of these behaviours have, however, not yet 

been identified. Given the strong behavioural isolation of N. oneida from the other Nasonia 

species this species may be very suitable for further genetic analysis of prezygotic isolation 

factors within the Nasonia genus. In Chapter 6, I will present a Quantitative Trait Locus (QTL) 

analysis of mating behaviour by performing reciprocal interspecific crosses between the N. 

oneida and N. giraulti. 

 

ACKNOWLEDGEMENTS 

We thank Anna Rensink and Rogier Houwerzijl for wasp maintenance. This study was 

funded by a Marie Curie Initial Training Network “Understanding the evolutionary origin of 

biological diversity” (ITN-2008-213780 SPECIATION). We thank all members of the 

“SPECIATION” Network for helpful and stimulating discussion. 

 

  



| Chapter 2 

32   

APPENDIX 2.1 

Data of head-nods numbers and cycle durations of Nasonia. Average ± standard deviations are shown with sample 
sizes in parentheses. Data of N. oneida are from this study. Data of the other three species are from Peire Morais 
(2007). 
 

 N. oneida N. vitripennis N. longicornis N. giraulti 

Number of     

1st head-nods 9.20±4.39 (20) 6.36±1.64 (75) 2.73±2.04 (194) 8.55±7.54 (40) 

2nd head-nods 13.95±1.73 (20) 4.81±1.53 (75) 3.24±1.69 (193) 10.15±7.52 (40) 

3rd head-nods 12.55±1.43 (20) 5.13±1.63 (75) 3.92±2.16 (193) 9.78±4.13 (40) 

4th head-nods 9.95±2.06 (20) 5.73±2.09 (75) 4.57±2.78 (190) 9.03±9.82 (39) 

Duration of     

1st cycle 16.35±5.52 (20) 8.59±1.37 (74) 11.43±10.71 (188) 16.64±41.97 (39) 

2nd cycle 21.35±2.13 (20) 8.30±1.77 (74) 12.91±6.50 (192) 15.72±25.42 (39) 

3rd cycle 22.05±3.00 (20) 8.24±1.31 (74) 13.03±5.57 (190) 15.86±14.58 (36) 
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ABSTRACT  

Geographic variation of behavioural traits is often studied to infer the selective causes of 

population differentiation and adaptation. Such studies are aimed at increasing our 

understanding of the initial stages of speciation and can offer insights into the interplay 

between genes and environment in the ontogeny of population differences. Here, we 

report on variation in male courtship behaviour and female mate discrimination among 

European Nasonia vitripennis populations that span a latitudinal range of 23 degrees. All 

192 lines collected from 7 localities displayed the same basic courtship and mating 

behaviour pattern that is characteristic of N. vitripennis, but with variation in several male 

courtship display components. Courtship initiation speed, latency time and headnod 

numbers in the first and second cycle within a courtship bout, displayed a weak latitudinal 

gradient. Mating frequencies did not differ between intra-population and inter-population 

crosses. We conclude that the populations are large enough to prevent detectable drift 

effects on geographical differentiation in courtship and mating behaviour in this species. 
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INTRODUCTION 

Differentiation between populations is required to initiate the process of speciation. Such 

differentiation can manifest itself in many different traits, including morphological, 

physiological and behavioural. In general, differentiation increases with geographical 

distance between populations because gene flow between populations is a function of 

distance (Mayr 1963; Coyne and Orr 2004). Genetic divergence arises from adaptations to 

local environments among allopatric populations and/or as a result of drift in the absence 

of gene flow (Coyne and Orr 1998). Genetic drift and selection may lead to sexual isolation 

when such divergence affects mating behaviour (Mayr 1963; Koepfer 1987; Coyne and Orr 

2004). Divergence of mating signals and mate recognition systems is considered one of the 

most important factors in speciation. Coyne and Orr (1989) found that prezygotic isolation 

evolves at lower levels of overall genetic divergence than postzygotic isolation, suggesting 

that sexual isolation can evolve quickly. 

        Courtship behaviour is known to play a pivotal role in the onset of premating 

reproductive isolation between species (e.g., Hoikkala et al. 2005; Williams et al. 2001; 

Gleason et al. 2002; Gleason and Ritchie 2004; Mackay et al. 2005; Arbuthnott 2009; Joyce 

et al. 2010; Giesbers et al. 2013). Investigating geographic divergence in behaviour, 

particularly courtship behaviour, therefore has the potential to reveal the geographical 

pattern of population differentiation, and to increase our understanding of the importance 

of specific behavioural patterns in the early stages of speciation (e.g., Miller et al. 1998; 

Bordenstein et al. 2000; Perrin and Mesnick 2003; Lachlan and Servedio 2004; Podos and 

Warren 2007). Nonetheless, our knowledge about geographical variation in behavioural 

traits is still scarce when compared to non-behavioural traits (Foster 1999). Miller et al. 

(1998) surveyed 12 populations of wolf spiders for geographic variation in male courtship 

behaviour. The sequence of four principal male courtship behaviours was found to follow 

geographical patterns, suggesting restricted gene flow between populations. Parasitoid 

wasps of the genus Nasonia (Hymenoptera, Pteromalidae) have been used extensively for 

evolutionary and genetic studies of behaviour. Several traits have been investigated in a 

geographical context in Nasonia. Bordenstein et al. (2000) reported intraspecific variation 

in sexual isolation within and between two species of Nasonia, N. vitripennis and N. 

longicornis. Paolucci et al. (2013) found a latitudinal cline in photoperiodic diapause 

response of European N. vitripennis. Geographical variation in courtship and mating 

behaviour of Nasonia however remains to be investigated. 

        One question in speciation research is how fast behavioural traits can change 

(Arbuthnott 2009). As with many traits that undergo drift and/or selection, this depends on 

the genetic architecture of the trait. Traits with a simple genetic basis (e.g., a single gene) 

may change faster than traits with a more complex genetic architecture. Behavioural traits 
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are typically complex with a polygenic basis and epistatic interaction among genes (Wolf et 

al. 2000; Raychoudhury 2015). Some genes that affect behaviour may also influence other 

traits, a phenomenon known as pleiotropy. Clock genes, such as period, are a good example 

of genes that may affect multiple traits, including behaviour. They have been shown to be 

functionally involved in photoperiodism (Yasuo et al. 2003; Yerushalmi and Green 2009; 

Koštál 2011; Mukai and Goto 2016), but also in rhythmic components of behaviour (Ceriani 

et al. 2002; Reppert and Weaver 2002; Stoleru et al. 2004; Sandrelli et al. 2008; Allada et al. 

2010; Paolucci 2014; Stern 2014). A clear latitudinal cline in allelic composition of period 

was reported for Drosophila melanogaster and Nasonia vitripennis associated with 

photoperiodic diapause response (Costa et al. 1992; Paolucci et al. 2013, 2016). We have 

some evidence that clock genes are also involved in mating behaviour of Nasonia (J. Gadau 

et al. unpublished data; E. Dalla Benetta unpublished data). This means that allelic and 

clinal variation in clock genes may be selected for at different latitudes and that this may 

pleiotropically affect courtship behaviour.  

        In this chapter, I investigate geographic variation of male mating behaviour and female 

mate choice (see more detailed description of these two traits in Chapter 1 and 2) of 

Nasonia vitripennis populations along a North-South gradient in Europe to identify whether 

variation can be detected in courtship components, and whether it is clinal. N. vitripennis is 

a cosmopolitan species of the Nasonia genus with a large geographic range. Wasps used in 

this study are from the same populations as in a parallel study of Paolucci et al. (2013) on 

diapause induction.  

 

MATERIAL AND METHODS 

Field collection and establishment of isofemale lines 

Populations of Nasonia vitripennis were sampled in summer 2009 at seven sites in Europe 

along a latitudinal cline from Corsica (42°N) to Northern Finland Oulu (65°N) with a distance 

between localities of 4-5 latitudinal degrees (Figure 3.1). 

        Wasps were collected from bird nests which were mainly used by great tits (Parus 

major), blue tits (Parus caeruleus) and flycatchers (Ficedula hypoleuca) (see also Paolucci et 

al. 2013). The main method consisted of removal of nests at least 5 days after the birds had 

fledged and subsequent dissecting of the nest material for fly pupae (Calliphora spp.) that 

might have been parasitized. A second method involved baits consisting of mesh bags with 

approximately 25 laboratory-raised fly pupae (Calliphora spp.) that were placed inside and 

next to the nest boxes for about 3-5 days to attract wasps. They were subsequently taken 

to the laboratory for checking for wasp emergence. A third method was to collect adult 

wasps directly in the field from the nest material or from the fly pupae in the baits. After 

collection, isofemale lines were set up either from adults that had been collected directly 
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from the field or by hosting individual females that emerged from pupae of bird nests or 

baits. Wasps were cultured in mass culture vials in a climate room on Calliphora fly pupae 

at 25°C, L16:D8 photoperiod and 45% relative humidity.  

 

 
 
Figure 3.1: Sampling locations of N. vitripennis in Europe. From south to north: Corsica, France (COR, 
42°22’40.80’’N, 8°44’52.80’’E); Switzerland (SWI, 46°44’9.14’’N, 7°6’57.34’’E); Schlüchtern, Germany (SCH, 
50°19’56.10’’N, 9°30’47.00’’E); Hamburg, Germany (HAM, 53°36’23.62’’N, 10°10’17.74’’E); Latvia (LAT, 
56°51’22.56’’N, 25°12’1.38’’E); Turku, Finland (TUR, 61°15’40.53’’N, 22°13’23.96’’E); Oulu, Finland (OUL, 
65°3’40.16’’N, 25°31’40.80’’E). 

 

Behavioural assays 

In order to minimize the influence of rearing at laboratory conditions, wasps were 

investigated as soon as possible after collection from the field (2
nd

-3
rd

 generation). Male 

courtship behaviour was measured in single pairs of 24- to 48-h old virgin males that were 

provided with a mated female of the same isofemale strain. Mated females were used to 

obtain extensive courtship data as females typically mate only once, which means that 

males take perform longer courtship bouts before giving up. Observations were performed 

under standard conditions similar to those of Beukeboom and van den Assem (2001). Virgin 

males and females were collected and sexed in the immobile black pupal stage by cracking 

open their host fly puparia 1-2 days prior to eclosion. After eclosion, virgin males were 

placed individually in glass tubes (height 30mm, diameter 10mm) one day prior to the 

mating trial. Males and females were subsequently paired in no-choice experiments by 

joining the two glass tubes. Under a stereo binocular microscope, couples were observed 
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until the male gave up his display and dismounted the female, or for a maximum of 10 

minutes if no mating attempts took place.  

 

Male courtship 

The following courtship components were scored: (a) “interest”, males and females 

approached each other; (b) “cross direction”, which sex passed the border of the two joint 

glass tubes first; (c) “courtship initiation time”, the time it took from the start to the first 

wasp passing the border of the two joint glass tubes; (d) “latency time”, the time from the 

start of the tube joining to the male mounting on the female; (e) “mounting”, the male 

mounted on top of the female; (f) “arrest”, the female becomes immobile after the male’s 

mounting; (g) “display”, the male performs repeated cycles of head-nods and wing 

vibrations interrupted with pauses; (h) “attempted copulation”, the male attempts to 

copulate; (i) “normal copulation”, copulation occurs; (j) “bout time”, the time from joining 

the two glass tubes together until the male gave up his display and dismounted the female. 

A total of 545 pairs from 192 isofemale lines of the seven collection sites were recorded 

(Table 3.1). Individuals were used only once. 

 
Table 3.1: Summary of collected samples and wasp pairs used for investigation of male courtship behaviour. Site 
abbreviations are explained in Figure 3.1. 
 

  COR SWI SCH HAM LAT TUR OUL Total 

Fi
el

d
 w

o
rk

 

Number of nest boxes inspected  129 87 106 60 70 55 84 591 

Number of nest boxes yielding wasps 23 12 6 7 11 13 29 101 

La
b

 e
xp

er
im

en
t 

Number of wasp pairs recorded 59 107 47 122 96 36 78 545 

Number of isofemale strains used 25 33 22 34 29 18 31 192 

 
Female mate discrimination 

Female mate discrimination was tested with the same experimental set-up but using a 12-

24h old virgin female with a virgin male. Wasps of the 5
th

 generation after collection from 

six out of the seven field populations (except COR) were tested. Table 3.2 shows the details 

of the recorded population crosses. Males of the most southern and most northern 

populations, SWI and OUL, were paired with females of all other populations (inter-

population) and their own (intra-population), each time using two isofemale lines. Males of 

the intermediate populations, SCH, HAM, LAT, and TUR, were paired only with females of 
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the southern and northern most populations, SWI and OUL. Female mate discrimination 

was scored as “mate rejection”, i.e., when the male mounted the female but the female did 

not become receptive (Velthuis et al. 2005). In total, 1200 wasp pairs from 20 combinations 

with approximately 60 pairs each were observed. Individuals were used only once. 

 
Table 3.2: Experimental design of the population crosses used for investigation of female mate discrimination. 
Locality abbreviations are explained in Figure 3.1. 
 

  ♂ 

 
 

SWI SCH HAM LAT TUR OUL 

♀ 

SWI √ √ √ √ √ √ 

SCH √ - - - - √ 

HAM √ - - - - √ 

LAT √ - - - - √ 

TUR √ - - - - √ 

OUL √ √ √ √ √ √ 

 

Statistical analysis 

Statistical analysis of all behavioural data was performed with the R statistical software 

(version 3.1.2, R Development Core Team 2014). A generalized linear model (glm) was used 

to identify the effect of population (collection site). Chi-square (χ
2
) tests were used to 

compare the likelihood of the different models. Post hoc tests (e.g., Tukey or multiple 

comparisons) were subsequently performed to confirm the differences between 

populations. 

 

RESULTS 

Male courtship behaviour of European N. vitripennis populations  

The structure and characteristics of courtship behaviour of all seven tested N. vitripennis 

European populations is similar and consistent with previous descriptions of Nasonia 

courtship (van den Assem 1986; van den Assem and Werren 1994; van den Assem and 

Beukeboom 2004; Peire Morais 2007). Yet, there are quantitative differences in number 

and duration of elements between populations. 

 

Interest, cross direction and courtship initiation time 

Females were the first to walk over to the male in 38-72% of the cases. There are significant 

differences in cross direction between populations (glm, effect of populations: χ
2 

= 22.68, P 

< 0.001). Multiple comparisons tests revealed that cross direction of the SCH population 
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(43% females to males) differed from HAM (58%) (P < 0.001), LAT (72%) (P = 0.015) and 

TUR (47%) (P = 0.022) populations respectively. The SWI population had lower female to 

male cross direction values than the HAM population (50% vs. 58%, multiple comparisons 

tests, P = 0.033). Average courtship initiation time over all populations was 16.4 ± 27.7 

seconds (mean ± SD, n = 545) and ranged from 10.2 ± 10.9 seconds (mean ± SD, n = 47) in 

SCH to 37.7 ± 44.0 seconds (mean ± SD, n = 59) in COR, with a significant difference 

between populations (glm, effect of populations: χ
2 

= 53.17, P < 0.001; Figure 3.2A and 

Table 3.3). The COR population had longer courtship initiation times than all other 

populations (Tukey tests, P < 0.001). The SWI population had longer courtship initiation 

time than the HAM population (21.4 s vs. 10.3 s, Tukey tests, P = 0.027).  

 

Latency time and duration from mounting to first nod 

Average latency time over all populations was 143.7 seconds and varied strongly (SD = 

114.0 seconds, n = 539), ranging from 112.5 ± 101.7 (mean ± SD, n = 93) in the LAT 

population to 185.8 ± 149.7 seconds (mean ± SD, n = 58) in the COR population. Latency 

times differed significantly between populations (glm, effect of populations: χ
2 

= 27.10, P < 

0.001). The two southern populations, COR (185.8 ± 149.7, n = 58) and SWI (172.0 ± 126.0, 

n = 106), had higher latency times than the two northern populations, LAT (112.5 ± 101.7, n 

= 93) and OUL (117.7 ± 70.4, n = 77) (COR vs. LAT and OUL, SWI vs. LAT and OUL, Tukey 

tests, P = 0.002, 0.008, 0.003, and 0.019) (Figure 3.2B and Table 3.3). 

        The time from reaching the courtship position on the female’s head until performance 

of the first head-nod was 2.3 ± 5.2 seconds (mean ± SD, n = 536) with significant differences 

between populations (glm, effect of populations: χ
2 

= 15.86, P = 0.015). The time of the TUR 

population was longer than both the LAT and OUL populations (4.8 s vs. 1.4 s and 1.6s, 

Tukey tests, P = 0.013 and 0.030) (Figure 3.2C and Table 3.3).  

 

 
 
Figure 3.2: Average (±SE) of (A) courtship initiation time (B) latency time (C) duration from mounting to 1st nod in 
seven European N. vitripennis populations. Sample sizes are shown within the bars. Different lower case letters 
indicate significant differences in means between populations (P < 0.05). Locality abbreviations are explained in 
Figure 3.1.  
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Mating sequence 

Several distinct steps are distinguished in the mating sequence and the frequency at which 

these stages occur differ between the seven European populations. Almost all pairs 

reached the “display” stage, indicating neglible effects of mate discrimination in the early 

stages of the mating interaction. As mated females were used and females normally mate 

only once in natural populations (Grillenberger et al. 2008) most matings were interrupted 

in the “display” stage by dismounting of the male. However, re-mating occurred frequently. 

The overall re-mating rate of the seven populations was on average 25.9% and ranged from 

10.6% to 38.5% with significant differences between populations (glm, effect of 

populations: χ
2 

= 25.22, P < 0.001). The HAM population had significantly lower re-mating 

rate than the SWI and LAT populations (14.8% vs. 29.0% and 27.8%, multiple comparison 

test, P = 0.004 and 0.026). 

 

Head-nod numbers and cycle durations 

A courtship bout of Nasonia consists of a series of head-nods that are interrupted by 

pauses. Overall head-nod numbers were on average 5.74 ± 1.60 SD (n = 533) in the 1
st

 

series, decreasing to 4.53 ± 1.26 (n = 497) in the 2
nd

 series, with an average decrease of 

1.16 head-nods between the first two series, followed by a gradually increase to 4.53 ± 1.26 

(n = 433) in the 4
th

 series (Figure 3.3A and Appendix 3.1). These values of head-nod 

numbers are consistent with previous reports of N. vitripennis (Peire Morais 2007, details in 

Appendix 3.1 of Chapter 2). In contrast to Peire Morais (2007), the duration of courtship 

cycles showed an increasing rather than a constant pattern (Appendix 3.1 of Chapter 2), 

going from 7.85 ± 1.65 seconds (mean ± SD, n = 533) in the 1
st

 cycle, 8.03 ± 1.35 seconds (n 

= 497) in the 2
nd

 cycle, to 8.85 ± 1.53 seconds (n = 453) in the 3
rd

 cycle (Figure 3.3B and 

Appendix 3.1). Significant differences between populations were found in head-nod 

numbers of the 1
st

 series (glm, effect of populations: χ
2 

= 33.87, P < 0.001) (HAM vs. SCH & 

SWI & LAT; TUR vs. SCH & LAT; SCH vs. OUL), the 2
nd

 series (glm, effect of populations: χ
2 
= 

15.92, P = 0.014)  (OUL vs. LAT), and the 4
th

 series (glm, effect of populations: χ
2 

= 16.32, P = 

0.012)  (TUR vs. LAT & SCH). Cycle durations differed of the 1
st

 cycle (glm, effect of 

populations: χ
2 

= 23.94, P < 0.001) (SCH vs. COR & HAM & LAT & OUL & TUR) and the 3
rd

 

cycle (glm, effect of populations: χ
2 

= 18.07, P = 0.006) (SWI vs. COR & HAM). From the 4
th

 

series onwards an increasing pattern was found in both head-nod numbers and cycle 

durations, whereas it leveled off from the 8
th

 series onwards (Figure 3.3A and 3.3B). Note 

that sample sizes above 11 series were low and, as a result, variation increased (grey 

shaded area in Figure 3.3). 
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Figure 3.3: Average (A) head-nod numbers and (B) cycle durations of seven European N. vitripennis populations. 
Standard deviations and sample sizes are shown in Appendix 3.1. Data on courtship series larger than eleven (in 
grey shaded area) are less accurate due to low sample sizes. Locality abbreviations are explained in Figure 3.1.  
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Courtship cycles and bout time 

The number of courtship cycles of a male correlates strongly with the total bout time 

(correlation coefficient, r536 = 0.960, P < 0.001). Both traits are consistently higher in wasp 

pairs that do not result in copulation (mean ± SD, Mann-Whitney U-test, number of 

courtship cycles: Figure 3.4B vs. Figure 3.4A, 10.05 ± 3.11 vs. 3.92 ± 2.08, W = 2942, P < 

0.001; total bout time: Figure 3.4D vs. Figure 3.4C, 96.2 ± 36.0 vs. 29.8 ± 19.9, W = 2435.5, 

P < 0.001). Among all matings with copulation, the number of courtship cycles and total 

bout time differed significantly between populations (glm, effect of populations: Figure 

3.4A, χ
2 

= 36.84, P < 0.001; Figure 3.4B, χ
2 

= 27.94, P < 0.001), and so does among all 

matings without copulations (glm, effect of populations: Figure 3.4C, χ
2 

= 24.67, P < 0.001; 

Figure 3.4D, χ
2 

= 24.77, P < 0.001). The HAM population had higher number of cycles and 

longer bout times than several other populations (Figure 3.4).  

 

 
 

Figure 3.4: Number of courtship cycles (mean ± SE) and bout time (mean ± SE) of wasp pairs with (panel A and C) 
and without (panel B and D) successful copulation in seven European N. vitripennis populations. Sample sizes are 
shown within the bars. Different lower case letters indicate significant differences in means between populations 
(P < 0.05). Locality abbreviations are explained in Figure 3.1. 
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Table 3.3: Quantitative aspects of courtship and mating behaviour in seven European N. vitripennis populations. 
Average ± standard deviations are shown with sample sizes in parentheses. Locality abbreviations are explained in 
Figure 3.1. 
 

 COR SWI SCH HAM LAT TUR OUL overall 

 Number of       

 Total cycles        

 
7.40±3.87  

(58) 
8.18±4.20 

(106) 
8.70±2.95 

 (47) 
10.34±3.48 

(122) 
8.50±3.83  

(92) 
8.33±3.71 

(36) 
6.49±3.86 

(77) 
8.45±3.94 

(538) 

 Duration of       

 Courtship initiation time       

 
37.69±43.98 

(59) 
21.35±38.00 

(107) 
10.22±10.90 

(47) 
10.30±13.32 

(122) 
12.90±18.50 

(96) 
15.53±18.84 

(36) 
11.45±23.28 

(78) 
16.39±27.71 

(545) 

 Latency time        

 
185.77±149. 

73 (58) 
172.02±125. 

99 (106) 
141.60±106. 

10 (47) 
145.54±114. 

02 (122) 
112.46±101. 

69 (93) 
125.59±90. 

23 (36) 
117.72±70. 

43 (77) 
143.72±114. 

00 (539) 

 Mounting to 1st nod       

 
3.27±5.51  

(58) 
2.25±4.17 

(105) 
1.57±3.14 

 (47) 
2.49±3.64 

(122) 
1.41±1.48  

(91) 
4.84±15.31 

(36) 
1.59±1.68 

(77) 
2.29±5.23 

(536) 

 Bout time        

 
64.92±36.44 

(58) 
78.70±48.32 

(106) 
84.70±32.00 

(47) 
98.30±42.50 

(122) 
77.94±41.20 

(92) 
77.47±45.42 

(36) 
57.22±39.18 

(77) 
78.90±43.69 

(538) 

 

Correlation between latitude and male courtship components  

To test whether male courtship components of the seven European populations follow a 

latitudinal gradient, a correlation test was performed with latitude. Significant negative 

correlations with latitude were found for courtship initiation time, latency time, and head-

nod numbers in the 1
st

 and the 2
nd

 series. No significant latitudinal trends were found for 

other traits (Table 3.4).  

 

Table 3.4: Correlations between male courtship components and latitude in European N. vitripennis populations.  
 

 Latitude 

 correlation coefficient P - value 

Number of   
Total cycles r536= -0.065 P = 0.131 
1st series head-nod r531 = -0.105 P = 0.015* 
2nd series head-nod r495 = -0.113 P = 0.011* 
3rd series head-nod r451= -0.075 P = 0.110 
4th series head-nod r431 = -0.070 P = 0.145 

Duration of    
Courtship initiation time r543= -0.212 P < 0.001* 
Latency time r537 = -0.202 P < 0.001* 
Mounting to 1st nod r534 = -0.202 P = 0.407 
Bout time r536= -0.075 P = 0.083 
1st cycle r531 = -0.035 P = 0.415 
2nd cycle r495 = -0.000 P = 0.997 
3rd cycle r451 = -0.068 P = 0.147 
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        Regression analyses revealed that only very small amounts of variation were explained 

(Figure 3.5). Latitude explained 4.3% of the variation in courtship initiation time (linear 

regression: F = 25.58, P < 0.001),  3.9% in latency time (linear regression: F = 22.74, P < 

0.001), 0.9% in head-nod numbers of the 1
st

 series (linear regression: F = 5.96, P = 0.015, 

estimated slope: y = -0.024x + 7.00, adjusted R
2
 = 0.009) and 1.1% in head-nod numbers of 

the 2
nd

 series (linear regression: F = 6.44, P = 0.011). These results indicate that there is 

either none or only weak negative correlation between behavioural traits and latitude in N. 

vitripennis of Europe.  

 

 
 
Figure 3.5: Significant linear regressions between latitude and behavioural traits, including (A) courtship initiation 
time, (B) latency time, (C) head-nod numbers of the 1st series, and (D) head-nod numbers of the 2nd series. 
Estimated slope, adjusted R2 and P-value are shown in the right upper corner of each panel. X-axis is the degree of 
latitudes where the samples were collected throughout Europe. Sample sizes of the trait are listed at bottom of 
each panel. 

 

Intra- and inter-population variation in mate discrimination  

Female mate discrimination by “mate rejection” was measured in intra- and inter-

population crosses of the seven European populations. Almost no mate discrimination was 

observed as indicated by an overall low value of 0.9% ± 1.1 (mean ± SD, n = 20) for mate 

discrimination and high value of 97.3% ± 1.7 (mean ± SD, n = 20) for copulation occurrence 
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(Figure 3.6). There were no significant differences in mate discrimination rate between 

intra-population (glm, effect of population crosses: χ
2 

= 0.15, P = 0.701) and inter-

population combinations (glm, effect of population crosses: χ
2 

= 11.11, P =0.851). The lack 

of variation in the data precluded a sensible correlation analysis with latitude. This result 

indicates that no substantial mate discrimination is present in Europe, suggesting sufficient 

gene flow between the populations.  

 

 
 

Figure 3.6: Intra- and inter-population female mate discrimination in European N. vitripennis populations. 
Experimental design is shown in Table 3.2. Mate discrimination was recorded by “mate rejection” i.e., when the 
male mounted the female but the female did not become receptive. For each pie, sample size of “no interest” and 
“mate acceptance” are included within the pie, whereas the number of “mate rejections” is indicated outside of 
the pie at the top. Locality abbreviations are explained in Figure 3.1. 

 

DISCUSSION 

In this study, I investigated geographic intraspecific variation in courtship and mating 

behaviour of N. vitripennis with freshly collected populations along a latitudinal gradient in 

Europe. The structure and characteristics of courtship behaviour were found to be similar 
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in all populations and consistent with descriptions of previous reports of N. vitripennis (van 

den Assem 1986; van den Assem and Werren 1994; van den Assem and Beukeboom 2004; 

Peire Morais 2007). The typical N. vitripennis species-specific courtship characteristics were 

found in all populations. Yet significant differences between populations occurred in 

several male courtship display components. There are quantitative differences in the 

number and duration of similar elements, such as head-nod numbers and duration of cycles. 

Despite this, no differences were observed in female mate discrimination in terms of 

copulation success between populations. This means that N. vitripennis in Europe can be 

considered as a single, rather undifferentiated, species with populations large enough to 

prevent strong drift effects, and environmental conditions similar enough to prevent 

selection for differentiation in mating behaviour. This conclusion is in line with Paolucci et 

al. (2013) who found little genetic differentiation (FST values) between these same 

populations. Moreover, Raychoudhury et al. (2010b) also reported low genetic variation 

(FST values) in N. vitripennis throughout Europe.  

        If we look more closely at the components of the male courtship behaviour, we found 

a modest but significant linear relation between latitude and courtship initiation time, 

latency time, and head-nod numbers of the first and second cycle. This may be coincidence, 

but I used the same populations as Paolucci et al. (2013) with the specific purpose to look 

for epistatic effects of clock genes. As all these traits involve some “timing” it may well be 

that an association with clock genes like period can be assumed. Paolucci et al. (2013, 2016) 

found a latitudinal gradient in photoperiodic diapause induction and allelic composition of 

the period gene. As clock genes are known to affect mating behaviour (Ceriani et al. 2002; 

Reppert and Weaver 2002; Stoleru et al. 2004; Sandrelli et al. 2008; Allada et al. 2010; 

Stern 2014), such as courtship song in Drosophila (Stern 2014), a latitudinal gradient may 

also be expected for certain courtship components that involve a timing element. RNAi 

knock down of period results in higher cycle duration and head-nod numbers (E. Dalla 

Benetta unpublished data). I did not find a latitudinal gradient in cycle duration, but in 

head-nod numbers of cycles 1 and 2. Cycle duration is correlated with head-nod numbers. 

In addition, I observed a significant latitudinal cline with shorter courtship initiation time 

towards northern latitudes. This is in line with observations by S. Paolucci and E. Dalla 

Bennetta (unpublished data) of a higher level of locomotor activity in northern populations. 

As at this point the link between clock genes and courtship behaviour is still speculative, 

more detailed functional studies are obviously needed to elucidate the role of clock genes 

in Nasonia mating behaviour and the possible correlated responses due pleiotropic 

responses to photoperiodism.  

        Overall, my study confirmed that male courtship behaviour is not one of the 

behavioural traits that have clearly adapted to environmental climate in contrast to for 
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example diapause. In Chapter 4 and 5, I will further analyse intraspecific and interspecific 

variation in two mating behaviour traits, male courtship song and cuticular hydrocarbon 

(CHC) sex pheromone composition, with the same field populations of N. vitripennis as used 

here.  
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APPENDIX 3.1 

Head-nod numbers and cycle durations of the seven European populations of N. vitripennis. Average ± standard 
deviations are shown with sample sizes in parentheses. Site abbreviations are explained in Figure 3.1. 
 

 COR SWI SCH HAM LAT TUR OUL overall 

Number of head-nods       

1st 5.90±1.57 
(58) 

5.97±1.45 
(104) 

6.43±1.23 
(47) 

5.27±1.80 
(122) 

6.09±1.67 
(92) 

5.17±1.44 
(36) 

5.47±1.37 
(74) 

5.74±1.60 
(533)  

2nd 4.65±1.13 
(51) 

4.67±1.05 
(95) 

4.50±1.35 
(46) 

4.53±1.21 
(122) 

4.78±1.59 
(87) 

4.11±1.12 
(36) 

4.12±1.14 
(60) 

4.53±1.26 
(497)  

2nd - 1st -1.24±1.24 
(51) 

-1.19±1.32 
(95) 

-1.89±1.23 
(46) 

-0.74±1.35 
(122) 

-1.32±1.29 
(87) 

-1.06±1.07 
(36) 

-1.20±1.19 
(60) 

-1.16±1.31 
(497)  

3rd 4.62±0.89 
(45) 

4.89±1.12 
(85) 

4.84±1.48 
(45) 

4.83±1.22 
(117) 

4.94±1.45 
(79) 

4.32±1.17 
(31) 

4.41±1.28 
(51) 

4.76±1.26 
(453)  

4
th

 5.00±1.14 
(41) 

5.28±1.26 
(82) 

5.56±1.53 
(43) 

5.04±1.31 
(114) 

5.32±1.45 
(76) 

4.45±1.09 
(29) 

4.98±1.31 
(48) 

5.13±1.34 
(433)  

5
th

 5.28±1.32 
(40) 

5.44±1.27 
(75) 

5.80±1.58 
(41) 

5.45±1.45 
(111) 

5.44±1.57 
(71) 

4.54±1.21 
(26) 

5.14±1.63 
(42) 

5.37±1.46 
(406)  

6
th

 5.41±1.61 
(37) 

5.90±1.47 
(68) 

6.30±1.84 
(37) 

5.71±1.52 
(105) 

5.64±1.30 
(64) 

5.00±1.15 
(22) 

5.51±1.57 
(37) 

5.70±1.52 
(370)  

7th 5.39±1.42 
(28) 

6.08±1.27 
(60) 

6.36±1.80 
(33) 

5.84±1.41 
(99) 

6.20±1.63 
(56) 

5.45±1.61 
(20) 

5.73±1.42 
(33) 

5.93±1.50 
(329)  

8th 5.63±1.44 
(24) 

6.29±1.35 
(52) 

6.92±1.77 
(24) 

6.19±1.47 
(85) 

6.02±1.45 
(49) 

5.47±1.47 
(19) 

5.75±1.24 
(28) 

6.10±1.48 
(281)  

9th 5.92±1.98 
(12) 

6.58±1.34 
(40) 

6.39±1.46 
(18) 

6.18±1.42 
(77) 

6.11±1.64 
(38) 

5.87±1.36 
(15) 

5.95±0.97 
(21) 

6.20±1.44 
(221)  

10th 5.70±2.26 
(10) 

6.71±1.19 
(31) 

6.78±1.64 
(9) 

6.39±1.46 
(62) 

6.28±1.62 
(25) 

5.75±1.54 
(12) 

5.84±1.07 
(13) 

6.32±1.50 
(162)  

Duration of cycles       

1st 7.54±1.43 
(58) 

8.08±1.44 
(104) 

8.77±2.10 
(47) 

7.57±1.61 
(122) 

7.81±1.80 
(92) 

7.54±1.64 
(36) 

7.82±1.44 
(74) 

7.85±1.65 
(533)  

2nd 7.76±1.13 
(51) 

8.25±1.19 
(95) 

8.35±1.25 
(46) 

7.82±1.17 
(122) 

8.04±1.31 
(87) 

7.85±1.65 
(36) 

8.15±1.85 
(60) 

8.03±1.35 
(497)  

2nd - 1st 0.13±1.14 
(51) 

0.27±1.28 
(95) 

-0.41±2.53 
(46) 

0.27±1.42 
(122) 

0.25±1.29 
(87) 

0.31±0.82 
(36) 

0.40±1.90 
(60) 

0.21±1.52 
(497)  

3rd 8.53±1.28 
(45) 

9.40±2.21 
(85) 

9.08±1.62 
(45) 

8.63±1.19 
(117) 

8.74±1.24 
(79) 

8.55±1.40 
(31) 

8.84±1.28 
(51) 

8.85±1.53 
(453)  

4th 9.25±1.42 
(41) 

9.83±1.36 
(82) 

10.49±2.91 
(43) 

9.29±1.70 
(114) 

9.59±1.34 
(76) 

9.20±1.51 
(29) 

9.64±1.30 
(48) 

9.59±1.70 
(433)  

5
th

 9.60±1.45 
(40) 

10.15±1.29 
(75) 

10.21±1.07 
(41) 

9.82±1.32 
(111) 

10.00±1.37 
(71) 

9.51±1.46 
(26) 

10.27±1.96 
(42) 

9.96±1.41 
(406)  

6
th

 9.94±1.68 
(37) 

10.75±1.61 
(68) 

10.80±0.95 
(37) 

10.19±1.32 
(105) 

10.41±1.19 
(64) 

10.13±1.70 
(22) 

10.24±1.58 
(37) 

10.37±1.43 
(370)  

7th 10.07±1.75 
(28) 

10.86±1.26 
(60) 

10.97±1.09 
(33) 

10.69±1.40 
(99) 

10.90±1.51 
(56) 

10.44±1.77 
(20) 

10.77±1.87 
(33) 

10.72±1.48 
(329)  

8th 10.29±1.44 
(24) 

11.13±1.21 
(52) 

11.50±0.82 
(24) 

10.92±1.36 
(85) 

11.13±1.41 
(49) 

11.00±2.01 
(19) 

10.80±1.48 
(28) 

10.99±1.39 
(281)  

9th 9.94±1.86 
(12) 

11.49±1.49 
(40) 

11.43±0.90 
(18) 

11.17±1.28 
(77) 

11.34±1.64 
(38) 

11.43±1.66 
(15) 

11.74±4.22 
(21) 

11.28±1.89 
(221)  

10th 10.44±2.06 
(10) 

11.85±1.43 
(31) 

11.56±1.67 
(9) 

11.58±1.47 
(62) 

11.46±1.81 
(25) 

11.36±1.76 
(12) 

10.58±1.40 
(13) 

11.44±1.61 
(162)  
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ABSTRACT  

Male song is an important courtship display in many insect species and can affect mate 

choice and reproductive isolation. In this chapter, I describe the courtship song of the four 

species within the Nasonia genus. Songs are produced by males through wing vibration 

during courtship. All Nasonia species share a clear hum song that is similar to the sine song 

of some Drosophila species, but they do not have a pulse song. The songs of the four 

species differ in duration and number of bursts, pause duration between bursts and 

frequency. N. giraulti and N. oneida show a clear cycling of distinguishable units (burst plus 

pause) but the songs of N. vitripennis and N. longicornis are less structured. This may be 

due to differences in wing size between the species. I also investigate intraspecific song 

variation with six field strains of N. vitripennis collected over a latitudinal range in Europe. 

Some variation was found in song burst, pause and frequency among European N. 

vitripennis strains, and this correlated weakly with latitude. The data indicate that male 

courtship songs of all four species are similar in general structure but differ on specific 

aspects. The overall pattern of the song shows similarity to behavioural components of 

courtship. Although the four species differ in song details, further experiments would be 

required to test whether they play a major role in sexual isolation between the species. 
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INTRODUCTION 

Sound plays an important role in insect communication and is often part of the mating 

ritual. In some species male calling song functions to attract females from a distance and 

plays an important role in female mate attraction and choice. For example, cricket 

(Orthoptera, Gryllidae) males produce a loud chirping sound by stridulation as part of 

courtship, i.e., rubbing specialized regions of their forewings or tegmina (Weissman et al. 

1980; Simmons and Ritchie 1996; Wagner and Reiser 2000; Montealegre-Z et al. 2011). 

Courtship song, as an acoustic component of male courtship display, can also play an 

important role in close range mating behaviour (Hoikkala et al. 1998; Ritchie et al. 1999; 

Saarikettu et al. 2005; Debelle et al. 2014). In many species of Drosophila (Diptera), 

courtship song is generated by vibrations of male wing musculature whereby the chitinous 

wall of the thorax serves as a resonator, providing a near-field courtship stimulus (Bennet-

Clark and Ewing 1969; Ritchie and Kyriacou 1994).  

        Hoikkala and Aspi (1993) investigated the effects of wing size and shape on courtship 

song in Drosophila virilis. Manipulation of wing morphology significantly affected the 

amplitude and frequency of sounds produced. Sound production in Drosophila is little 

affected by differences in wing posture. Wings can vary from lying flat on the dorsum of the 

male to fully extended perpendicular to the body axis (Ewing and Bennet-Clark 1968). 

Removal of only one wing had no significant effect, but males with both wings fully 

removed had significantly reduced courtship success in Drosophila parabipectinata 

(Crossley and Bennet-Clark 1993). In some species wingless males have no mating success 

(Hoikkala and Aspi 1993; Yukilevich et al. 2016). 

        Courtship songs have been extensively analysed in various Drosophila species (e.g., 

Cowling and Burnet 1981; Robertson 1983; Cobb et al. 1989; Ritchie and Kyriacou 1994). 

Some species of Drosophila produce two types of song, pulse song and hum (or ‘sine’) song 

by wing vibration (Figure 4.1), as first described by Shorey (1962) and von Schilcher (1976). 

Species within the subgroups of Drosophila melanogaster (including D. melanogaster, 

simulans, mauritiana, and sechellia) and Drosophila yakuba (including D. yakuba, teissieri, 

orena and erecta) are the most studied. Upon comparing basic song characteristics of six 

out of these eight Drosophila species (excepting D. sechellia and D. orena), Cowling and 

Burnet (1981) found that species from the D. yakuba complex produce only pulse song. 

Species differ in the temporal pattern of pulse song and hum song, characterized by inter-

pulse intervals (IPI), intra-pulse frequencies and hum song frequency (Figure 4.2). These 

song characteristics of Drosophila can be used to construct species phylogenies with larger 

differences in song patterns reflecting greater evolutionary distances between species 

(Cowling and Burnet 1981; Cariou 1987), although care should be taken as song is not 

always a reliable guide to phylogeny (Gleason and Ritchie 1998). 
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Figure 4.1: Schematic representation of hum song and pulse song as part of male courtship in Drosophila. FRE = 
song carrier frequency (Hz); PL = pulse length (msec.); CN = number of cycles in a pulse; IPI = inter-pulse interval 
(msec.); PTL = length of a pulse train (msec.); and PN = number of pulses per pulse train. Hum and pulse song, fly 
symbols and measurements of pulse song characters are from Ritchie and Kyriacou (1994), Sokolowski (2001) and 
Lagisz et al. (2012), respectively. 
 
 

 
 
Figure 4.2: Species-specific song patterns of male courtship song in Drosophila species of the virilis group. Figure 
reproduced from Suvanto et al. (1994). 
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        Courtship song differences contribute to reproductive isolation between species in 

Drosophila (e.g., Kyriacou and Hall 1980, 1982, 1986, 1989, 1990; Cowling and Burnet 1981; 

Crossley 1988; Ewing 1988; Cobb et al. 1989; Kyriacou et al. 1990; Ritchie and Kyriacou 

1994; Ritchie and Gleason 1995; Hoikkala et al. 1998; Demetriades et al. 1999; Ritchie et al. 

1999; Saarikettu et al. 2005; Hoikkala et al. 2007; Veltsos et al. 2012; Debelle et al. 2014). 

Song has been shown to stimulate female mating behaviour in a species-specific manner in 

a number of laboratory experiments (e.g., Kyriacou and Hall 1982, 1986). Ritchie et al. 

(1999) played synthetic song with typical pulse interval parameters for D. melanogaster, D. 

simulans or D. sechellia to D. melanogaster or D. simulans females in the presence of mute 

males. Females mated most quickly when stimulated by song typical of their own species, 

confirming that song can influence sexual isolation between these species. Inter-pulse 

interval which is important for species recognition was also found to be under sexual 

selection in Drosophila montana (Ritchie et al. 1998). Several studies have claimed that 

song cycles (e.g., cycles in a pulse and IPI cycles, see Figure 4.1) are important for mate 

discrimination as well (Kyriacou and Hall 1980, 1989; Crossley 1988; Ewing 1988; Ritchie et 

al. 1999).  

        The genus Nasonia (Hymenoptera, Pteromalidae) has become a model system in 

evolutionary biology, in particular for research on speciation and adaptation (Breeuwer and 

Werren 1990, 1993, 1995; Gadau et al. 1999, 2000, 2002; Bordenstein et al. 2000, 2001, 

2003; Beukeboom and van den Assem 2001, 2002; Velthuis et al. 2005; Niehuis et al. 2008, 

2010, 2013; Werren and Loehlin 2009; Loehlin et al. 2010a, 2010b; Werren et al. 2010; 

Paolucci et al. 2013, 2016). In Nasonia, male wasps also produce sounds during courtship 

by vibrating their wings (van den Assem and Putters 1980; van den Assem and Beukeboom 

2004). The four species in the genus differ in wing morphology, N. vitripennis has small 

wings, N. longicornis has intermediate wings, and N. giraulti and N. oneida have large wings 

(Figure 4.3) (Darling and Werren 1990; Loehlin et al. 2010a; Raychoudhury et al. 2010). 

Males of N. vitripennis with wings reduced to half of the normal size or fully removed were 

still able to produce audible sounds with a similar song frequency as intact males (van den 

Assem and Putters 1980). Moreover, presence of wings seems to be of no importance for 

female receptivity and mating success in N. vitripennis (van den Assem and Putters 1980).  

 
 

Figure 4.3: Morphological differences in male wings of all four Nasonia species. Figure from Loehlin et al. (2010a). 
Scale bar is 200 μm. 
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        Van den Assem and Putters (1980) described the N. vitripennis sonogram as a 

continuous repetition of a horseshoe like pattern, at about 3 per 2 seconds (at 22°C), with 

the start and end at about 50 Hz, and a peak frequency of about 400 Hz (Figure 4.4). 

Courtship song characteristics have not been investigated in the other three Nasonia 

species, N. longicornis, N. giraulit and N. oneida. Intra-specific variation has not been 

studied for any Nasonia species. 

 
 
Figure 4.4: Sonogram of N. vitripennis male courtship song. Figure reproduced from van den Assem and Putters 
(1980) and van den Assem and Beukeboom (2004).  

 

        In this study, for the first time I provide detailed descriptions of male courtship song in 

the Nasonia genus by recording the courtship song of all four Nasonia species. I also 

investigate intraspecific variation in N. vitripennis courtship song in field strains that were 

collected along a North-South gradient in Europe. I aim to answer the following questions: 

Is there a similar pattern of courtship song among the four Nasonia species? Can each 

species be recognized by specific song components, similar as in the Drosophila genus? 

How much intraspecific variation occurs in song characteristics in N. vitripennis? I will 

discuss my results in the context of the role of song in mate discrimination and speciation.  

 

MATERIAL AND METHODS 

Experimental strains and culturing 

The following Nasonia strains were investigated (Table 4.1): N. vitripennis Ita2 (Piedmont, 

Italy, 2006), HV2003 (Hoge Veluwe, The Netherlands, 2003), HV3 (Hoge Veluwe, The 

Netherlands, 2006) and AsymC (Leiden, The Netherlands, 1971, cured from Wolbachia 

bacteria); N. longicornis IV7 (Utah, USA), MN8510 (Minnesota, USA), and UTB316.16 (Utah, 

USA, 1990); N. giraulti RV2 (Virginia, USA, 1987), NGDS (eastern North America), PA233F 

(Pennsylvania, USA, 1989), and NGVA2TET (Virginia, USA, 2007, Tetracycline treated); and 

N. oneida NONY11/36 (NY, USA, 2005) and NONYBR6A. In addition, the following European 

N. vitripennis strains were used that were collected in summer 2009 along a latitudinal 

gradient from Switzerland (46°N) to North Finland (65°N), with a distance of about 4-5 

latitudinal degrees (see Figure 3.1 and Appendix 4.1): SWI253 (Switzerland, 2009), SCH238 
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(Schlüchtern, Germany, 2009), HAM112 (Hamburg, Germany, 2009), LAT118 (Latvia, 2009), 

TUR104 (Turku, Finland, 2009), OUL208 (Oulu, Finland, 2009). These natural strains were 

tested in the 5-6
th

 generation after collection. Wasps sampling methods and isofemale 

strain establishment of the European N. vitripennis are described in Chapter 3. Wasps were 

cultured in plastic mass culture vials (height 75 mm, diameter 24 mm) under standard 

laboratory conditions in a climate room on Calliphora fly pupae at 25°C, L16:D8 

photoperiod and 45% relative humidity. 

 

Song recording and analysis 

Males and females were collected from their host fly puparium and separately stored in 

groups of 5-10 individuals in small plastic tubes (height 60 mm, diameter 10 mm) 1-2 days 

prior to their eclosion. After eclosion, courtship songs were recorded in single pairs of 12- 

to 24-h old virgin male and mated female for 10 minutes. Mated females were used to 

obtain extensive courtship data as females typically mate only once, which means that 

males perform longer courtship display before giving up. Songs were recorded with an 

‘Insectavox’ electret condenser microphone used in Drosophila as described in Ritchie and 

Kyriacou (1994) (Figure 4.5). 

        A thermometer was placed inside of the “Insectavox” to measure the environmental 

temperature of the song recordings, as temperature affects most temporal song 

characteristics in Drosophila, e.g., the inter-pulse interval and frequency (Ritchie and 

Kyriacou 1994; Ritchie et al. 2001), and other insects. The recording temperature averaged 

27.48 ± 0.21°C (mean ± SE, n = 92) with a range from 19°C to 30°C, including 26.79 ± 0.51°C 

(mean ± SE, n = 26), 27.31 ± 0.06°C (mean ± SE, n = 16), 27.56 ± 0.33°C (mean ± SE, n = 18) 

and 26.89 ± 0.62°C (mean ± SE, n = 14) for N. vitripennis, N. longicornis, N. giraulti and N. 

oneida laboratory strains, respectively, and 29.00 ± 0.24°C (mean ± SE, n = 18) for N. 

vitripennis field strains. Recording temperatures did not differ between Nasonia lab species 

(glm, χ
2 

= 2.00, P = 0.572), but differed between N. vitripennis field strains (glm, χ
2 

= 

1145.60, P < 0.001).  

        Recordings were digitized with a Cambridge Electronic Design (CED) 1401 A/D 

converter (at 2k Hz after bandpass filtering at 250 Hz to 1k Hz). In order to visually monitor 

the courtship display simultaneously with the acoustic recording, couples were observed 

under an oscilloscope during the whole 10 minute observation. Within the 10 minute 

observation period, males may mount their female partner multiple times and perform the 

courtship display.  
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Figure 4.5: Insectavox electret condenser microphone used for Nasonia courtship song recordings. Pictures were 
taken by Paris Veltsos. 

 

        A total of 92 courtship songs produced by 92 males from 19 strains of the four Nasonia 

species were successfully recorded for 10 minutes each (Table 4.1). Digital recordings of 

songs were analysed with “Audacity” (version 1.3.13 Beta) and the “Spike 2” software 

package (copyright CED).  

 
Table 4.1: Summary of Nasonia wasp pairs with male courtship song recorded. Sample sizes are shown in 
parentheses. Sampling locations of natural strains of N. vitripennis are explained in Appendix 4.1. 
 

 Species Strains 
Total 

songs pairs strains 

laboratory 
strains 

N. vitripennis HV2003 (10); Ita2 (10); HV3 (3); AsymC (3) 26 26 4 
N. longicornis IV7 (10); UTB316.16 (3); MN8510 (3) 16 16 3 
N. giraulti RV2 (10); NGDS (3); PA233F (2); NGVA2TET (3) 18 18 4 
N. oneida NONY11/36 (12); NONYBR6A (2) 14 14 2 

natural 
strains 

N. vitripennis SWI (3); SCH (3); HAM (3); LAT (3); TUR (3); OUL (3) 18 18 6 

       sum 92 92 19 

 

Statistical analysis 

Courtship song data were statistically analysed with R statistical software (version 3.1.2, R 

Development Core Team 2014). A generalized linear model (glm) was used to identify the 

effect of species or strain (collection site) and temperature. Chi-square (χ
2
) tests were used 

to compare the likelihood of the different models. Post hoc tests (e.g., Tukey or multiple 

comparisons) were subsequently performed to confirm the differences between species or 

strains.  
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RESULTS 

Male courtship song of Nasonia 

The digital song recordings combined with simultaneous behavioural observation revealed 

that males of all Nasonia species produce courtship songs in combination with wing 

vibration during courtship display. The following components of song are distinguished: (a) 

“length of a song burst (BL)”, a song burst is a complete song entity; (b) “length of a song 

burst series (BSL)”, a song burst series is a number of consecutive song bursts; (c) “song 

pause duration between two song bursts (PBL)” and “song pause duration between burst 

series (PBSL)”; (d) “song bout length”, one song element consists of a series of song bursts 

followed by a song pause (i.e., bout length = BSL + PBSL); (e) “number of song bursts per 

song bout (BN)”; and (f) “song frequency”, the frequency of a song burst (Figure 4.6). Each 

Nasonia song burst seems to be a fairly clean tone, similar to the sine song in Drosophila. 

Pulse song is absent from male courtship song in all Nasonia species (Figure 4.6).         

        Male courtship songs of all four Nasonia species were compared for the above 

mentioned song parameters. Song frequency was determined from the largest peak 

resulting from a Fast Fourier Transform analysis within each of three song bursts from the 

courtship displays of a male. Because the hum song was a clear sine wave (Figure 4.6), 

peaks were always clear. Intensity of the courtship song (amplitude) was not analysed as it 

strongly depends on the distance of the wasp pair to the microphone in the Insectavox. 

Overall, the songs of N. giraulti and N. oneida consist of a clear repeat of distinguishable 

units (burst plus pause), but the songs of N. vitripennis and N. longicornis are less 

structured, 81% of N. vitripennis songs (21 out of 26) had undistinguishable bouts and 69 % 

of N. longicornis bouts (36 out of 52) had uncountable burst (Figure 4.7). 

        The song is generated during the performance of the headnods and pauses as part of 

the male courtship display (Figure 4.6), consistent with the behavioural observations 

reported by van den Assem and Putters (1980) and van den Assem and Beukeboom (2004) 

in N. vitripennis. A song bout (consisting of series of song bursts followed with a song 

pause) coincides with a cycle in male courtship display (consisting of a series of headnods 

followed by a pause). Wings however do not move synchronously with the nodding of the 

head. Song pause between bursts is synchronous with the behavioural pause between 

headnods series (Figure 4.6). Thus, the overall pattern of the song shows similarity to 

behavioural components of courtship. 
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Figure 4.6: Typical waveform structure of male courtship song as part of male courtship display in Nasonia and 
schematic representation of a song burst of Nasonia male courtship song. BL = burst length (sec.); BSL = burst 
series length (sec.); PBL = pause duration between two bursts (sec.); PBSL = pause duration between burst series 
(sec.); Bout length = BSL plus PBSL; and BN = number of bursts per bout. The y-axis has arbitrary intensity units.      

 

Species-specific song patterns of male Nasonia 

Species song parameters were measured under similar temperatures. The four Nasonia 

species differ in quantitative aspects of song burst, pause and frequency (for details see 

Appendix 4.2).  
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Figure 4.7: Species-specific song patterns of male courtship song in the four Nasonia species, N. vitripennis, N. 
longicornis, N. giraulti and N. oneida. The red box indicates one song bout but this is not always clear in N. 
vitripennis. Number of song bursts in one song bout is not always countable in N. longicornis. The y-axis has 
arbitrary intensity units.  

 

Interspecific variation in male courtship song of Nasonia 

Significant differences were found in all song parameters among species (glm, effect of 

species: P < 0.001) (Figure 4.8 and Table 4.2). N. vitripennis has short burst length (BL), N. 

longicornis and N. oneida have intermediate burst length, and N. giraulti has long burst 

length (Figure 4.8A). N. giraulti has the shortest burst series length (BSL) and N. oneida the 

longest bout length of all (Figure 4.8B and 4.8E). N. oneida has intermediate pause duration 

between burst series (PBSL), which are longer than those of N. vitripennis and N. 

longicornis, and shorter than those of N. giraulti (Figure 4.8D). The opposite pattern is seen 

in number of bursts per bout (BN), N. oneida has a higher number than N. giraulti but lower 

than N. vitripennis and N. longicornis (Figure 4.8F). Pause duration between two bursts 

(PBL) shows a more complex pattern, in particular N. giraulti and N. oneida, have a longer 

pause between the 1
st

 and 2
nd

 burst than in between subsequent bursts (Figure 4.8C). Yet, 

PBLs in N. vitripennis and N. longicornis were stable. N. oneida had a longer PBL than N. 

giraulti between the 1
st

 and 2
nd

 burst. Both species had similar PBL between later bursts, 
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which is similar to N. longicornis PBL and larger than N. vitripennis PBL. The song frequency 

differed significantly between species (glm, effect of species: P < 0.001) (Figure 4.9A and 

Table 4.2). N. longicornis song has the highest frequency, followed by N. vitripennis, and N. 

giraulti has the lowest. N. oneida song frequency did not differ significantly from N. 

vitripennis and N. longicornis (Figure 4.9A). Overall, these results indicate that song 

parameters are different between species and can be used to distinguish the different 

Nasonia species. 

 

Intraspecific variation in male courtship song of European N. vitripennis 

Comparison of male courtship song of six N. vitripennis European strains collected along a 

latitudinal gradient revealed that song patterns were rather similar and consistent with the 

description of the N. vitripennis lab strains (Figure 4.8). Distinguishable bouts were only 

found in Switzerland, Schlüchtern and Turku strains with a small sample size (1, 5 and 1, 

respectively). However, variation and significant differences were found in song parameters 

of burst and pause among strains (glm, effect of localities: P < 0.001) (Appendix 4.2 and 

Table 4.2). A positive latitudinal gradient was found in burst length (BL) (linear regression: F 

= 37.07, P < 0.001) and pause duration between two bursts (PBL) (linear regression: F = 

13.05, P < 0.001), with 20.6% and 8.0% variation explained respectively (Figure 4.10A, 

4.10B). 

        Song frequency was significant lower in field strains compared to lab strains in N. 

vitripennis (mean ± SE; 396.87 ± 11.69 Hz vs. 432.75 ± 4.99 Hz; Mann-Whitney U test, W = 

1019.5, P = 0.009). There were also significant differences between N. vitripennis field 

strains (glm, effect of localities: P < 0.001) (Appendix 4.2 and Table 4.2), and there was a 

negative latitudinal gradient (linear regression: F = 4.23, P = 0.047) (Figure 4.10C). However, 

the correlation between frequency and latitude was very weak as only 8.2% variation was 

explained. In addition, the Turku strain had significantly lower song frequency than all the 

other strains (Tukey tests, P < 0.001) (Figure 4.9B and Appendix 4.2).  
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Figure 4.8: Quantitative aspects of male courtship song in Nasonia. The following components are shown: burst 
length (A), burst series length (B), pause duration between two bursts (C), pause duration between burst series 
(D), bout length (E), and number of bursts per bout (F). Each panel shows lab strains of the four Nasonia species 
(in white) and N. vitripennis field strains (in grey). Box plots show the median (thick horizontal line within the box), 
the 25 and 75 percentiles (box) and 1.5 times the interquartile range of the data (thin horizontal lines). Outliers 
are indicated by an open circle. Sample sizes are shown at the bottom of the panel. Significant differences 
between the four species are indicated with letters (Tukey tests, P < 0.05) on top of each panel. In panel C, N. 
giraultia and N. oneidaa depict song pause between 1st and 2nd burst; N. giraultib and N. oneidab song pause 
between later bursts (i.e., 2nd and 3rd burst, 3rd and 4th burst, and so on). 
 

 

 
 

Figure 4.9: Song frequency in the four Nasonia species (A, in white) and six N. vitripennis field strains (B, in grey). 
Box plots show the median (thick horizontal line within the box), the 25 and 75 percentiles (box) and 1.5 times the 
interquartile range of the data (thin horizontal lines). Outliers are indicated by an open circle. Sample sizes are 
shown at bottom of each panel. Significant differences within each panel are indicated with letters (panel A, Tukey 
tests, P < 0.05) or stars (panel B, Tukey tests, P < 0.001) on top of the panel. Locality abbreviations of the N. 
vitripennis field strains in panel B are explained in Figure 3.1. 
 



Male courtship song in the genus Nasonia | 

  67 

 
 

Figure 4.10: Relation between latitude and song parameters in European N. vitripennis, including (A) burst length 
(BL), (B) pause duration between two bursts (PBL), and (C) frequency. Estimated slope, adjusted R2 and P-value of 
linear regressions are shown in the top of each panel. The x-axis shows degree of latitudes along which samples 
were collected. Sample sizes are listed at bottom of each panel. 

 

Effect of temperature on song parameters in Nasonia 

Temperature did affect song parameters within Nasonia lab species (glm, effect of 

temperature: P < 0.001), but was not detectable in N. vitripennis field strains, which may 

due to low sample size (Table 4.2). There are significant interactions between species and 

temperature on bout length and frequency, suggesting that each species responds 

differently to temperature in these song parameters (glm, effect of interaction: P < 0.001).  

        The song parameters with a timing element, including burst length, burst series length, 

pause duration between two bursts and burst series, and bout length, decreased with 

environmental temperature in some species (Table 4.3). Number of bursts per bout (BN) 

decreased with temperature in N. giraulti (Table 4.3). Frequency increased with 

temperature in N. vitripennis and N. giraulti (Table 4.3), which is consistent with the 

positive correlation between carrier frequency of pulse song and environmental 

temperature in most insect species, e.g., D. montana (Ritchie et al. 2001). 
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Table 4.2: Covariance effect of species/localities, temperature, and their interaction on male courtship song 
parameters in Nasonia. The factors with significant effects on the traits are marked with “*” (P < 0.05). √ tested, 
but not detected. BL = burst length (sec.); BSL = burst series length (sec.); PBL = pause duration between two 
bursts (sec.); PBSL = pause duration between burst series (sec.); Bout length = BSL plus PBSL; and BN = number of 
bursts per bout. 
 

Covariate 
Nasonia lab strains 

BL BSL PBL PBSL 
Bout  

length 
BN Frequency 

species <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 

temperature  <0.001* <0.001* 0.208 0.005* <0.001* 0.059 0.001* 

temperature:species <0.001* 0.087 0.953 0.319 0.081 0.520 0.002* 

 N. vitripennis field strains 

localities 0.027* <0.001* <0.001* <0.001* <0.001* 0.010* <0.001* 

temperature √ √ √ √ √ √ √ 

temperature:localities √ √ √ √ √ √ √ 

 
 
Table 4.3: Correlations between song parameters and temperature in Nasonia. Estimated slope, P-value and 
sample size are listed in the table. The significant correlations are marked with “*” (P < 0.05).  
 

Variable 
 

 BL BSL PBL PBSL 
Bout  

length 
BN Frequency 

te
m

p
er

at
u

re
 

N. vitripennis 

slope -0.012 -0.904 -0.026 -0.196 -1.100 -1.255 2.522 

P <0.001* 0.273 <0.001* 0.201 0.162 0.397 0.177 

n 125 20 125 20 20 20 41 

N. longicornis 

slope -0.242 -4.915 -0.055 -1.623 -6.538 4.473 -3.448 

P <0.001* 0.030* 0.772 0.302 0.017* 0.269 0.822 

n 84 52 84 52 52 52 49 

N. giraulti 

slope -0.027 -0.721 -0.022 -0.754 -1.475 -0.328 17.413 

P 0.017* 0.005* 0.671 0.012* <0.001* 0.014* <0.001* 

n 83 54 83 54 54 54 53 

N. oneida 

slope -0.155 -2.743 0.040 -0.367 -3.109 -0.062 -14.060 

P <0.001* <0.001* 0.829 0.445 <0.001* 0.902 0.466 

n 62 47 62 47 47 47 18 

N. vitripennis 
field strains 

slope -0.022 -0.678 -0.022 -1.277 -1.954 -1.538 33.86 

P <0.001* 0.510 0.002* 0.278 0.358 0.461 0.002* 

n 140 7 140 7 7 7 37 

 

DISCUSSION 

Male courtship songs were compared for the four species of the Nasonia genus. Males of 

all species produce songs by wing vibration as part of their courtship display, consistent 

with previous reports of N. vitripennis (van den Assem and Putters 1980; van den Assem 

and Beukeboom 2004). The Nasonia song contains a clear hum song that is comparable to 

the sine song in Drosophila, but it lacks the pulse song of Drosophila. Hence, song 

parameters used to describe the pulse song in Drosophila, such as the number of pulses 
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and interpulse-interval (Lagisz et al. 2012), are not relevant to Nasonia. The overall 

structure of the Nasonia song is shared by all four species, with song bouts consisting of a 

series of bursts interrupted by pauses. 

        The production of song coincides with other behavioural components of courtship. The 

song bout is synchronous with one behavioural cycle, consisting of a series of headnods 

followed by a pause in male courtship display (van den Assem 1986; van den Assem and 

Beukeboom 2004). Species-specific quantitative differences in song characteristics are 

evident in duration and number of song bursts, duration of song pauses between bursts, 

and in song frequency. This is analogous to the differences in behavioural components of 

courtship between the species (see Chapter 2). Overall, my results indicate that each 

Nasonia species can be recognized by its species-specific song components, similar to 

Drosophila and other insect groups, and song patterns can be linked to components of 

courtship behaviour. 

        Wing size was reported to have an effect on courtship song production in Drosophila 

(Ewing and Bennet-Clark 1968; Hoikkala and Aspi 1993). Among Nasonia, N. vitripennis has 

small-sized wings, N. longicornis intermediate-sized wings, and N. giraulti and N. oneida 

large-sized wings (Darling and Werren 1990; Loehlin et al. 2010a; Raychoudhury et al. 

2010). Van den Assem and Putters (1980) have investigated the role of wing size on song 

frequency in N. vitripennis, and found no effect. In this study I found that Nasonia species 

with smaller wings (N. vitripennis and N. longicornis) had less structured courtship song 

than species with larger wings (N. giraulti and N. oneida). In addition, Nasonia species with 

shorter wings produced shorter burst length, shorter pause duration between bursts/burst 

series, higher number of bursts per bout, and different song frequency. Wing size 

differences could be one of the factors that affect differences of male courtship song 

between the species of Nasonia. The role of wing morphology on courtship song could be 

further investigated by removing the wings or gluing them together. Another possibility is 

introgression of wing genes from one species to the other (e.g., does a N. vitripennis with 

N. giraulti type of wings have an altered courtship song?) as genetic architecture of wing 

morphology are well known in Nasonia (Loehlin et al. 2010a, 2010b). 

        When courtship songs rely on the rate of muscle contraction, temporal components of 

acoustic signals in sexual communication are usually temperature dependent (Bailey 1991, 

Ritchie et al. 2001). For instance, Ritchie et al. (2001) showed a positive correlation 

between carrier frequency and environmental temperature in pulse song of D. montana. 

We show similar results in Nasonia hum song frequency and environmental temperature in 

our study as well. This is not a surprise, as courtship song in both Drosophila and Nasonia 

are generated by wing vibrations and therefore can be vary with temperature. 

Furthermore, we found song parameters with a timing element, such as burst length, were 



| Chapter 4 

70 

also negatively correlated with temperature in some species of Nasonia. This is also in line 

with higher rates of male behavioural display at higher temperature in Nasonia (Jachmann 

and van den Assem 1996). Overall, we did find influence of ambient temperature on song 

parameters in Nasonia, however, our recording temperatures are over a small temperature 

range and a more controlled manipulation of recording temperature may be required to 

explore this in more detail, especially as there is evidence that species differ in the effect of 

temperature on song (Table 4.2). 

        In this study, I also analysed intraspecific song variation among six freshly collected 

strains of N. vitripennis from locations along a latitudinal gradient in Europe. The typical N. 

vitripennis species-specific song characteristics were found in all the European N. vitripennis 

strains. However, the Turku strain had significantly lower song frequency than the other 

strains, although no obvious morphological differences were apparent between Turku and 

the other populations. This is in line with some observed differences in male courtship 

behaviour (Chapter 3) of Turku strains/populations. Moreover, the Turku strains were 

found to differ in photoperiodic diapause induction (Paolucci et al. 2013) and genetic 

marker composition (Paolucci 2014) in parallel studies. The Turku strains/populations may 

need further attention for genetic differentiation studies. In addition, we found a modest 

but significant linear relation with latitude for burst length, pause duration between two 

bursts, and song frequency. This may be coincidence, but seems to be consistent with our 

expectation. A latitudinal gradient was found in allelic composition of the period gene in 

Nasonia (Paolucci et al. 2016). Clock genes like period are known to weakly affect courtship 

pulse, but not sine song in Drosophila (Kyriacou et al. 2017). We have some evidence that 

clock genes are also involved in mating behaviour of Nasonia (E. Dalla Benetta unpublished 

data). Therefore, the courtship hum song of Nasonia may also be expected to follow a 

latitudinal gradient. This is another interesting future line of research in which the role of 

period, and possibly other clock genes, in courtship songs needs to be formally investigated, 

e.g., by silencing these genes (RNAi or CRISPR/Cas9 genome editing) to measure the effect 

of these genes on male courtship songs. 

        Courtship song as part of mate choice can be an important prezygotic isolation 

mechanism (Hoikkala et al. 1998; Ritchie et al. 1999; Saarikettu et al. 2005; Debelle et al. 

2014). We do not yet know much about the genetic basis of song differences between the 

species. We also do not know how important song differences are for inducing female 

receptivity in Nasonia. More genetic and functional studies, like Quantitative Trait Locus 

analysis (QTL), playback song approaches (to separate song effects from other behavioural 

signals affecting female response), and introgression studies (crossing specific genomic 

regions from one species into another one) are obviously needed to fully understand the 

genetic basis and role of male courtship song in Nasonia. With song patterns altered (e.g., 
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silenced males with playback song), we can experimentally investigate the effect of male 

courtship song on mate discrimination in Nasonia. 
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APPENDIX 4.1 

Sampling locations of European N. vitripennis strains. Localities of the strains are depicted on a map in Figure 3.1.  
 

Strain ID Site GPS coordinates 

SWI253 SWI Bern, Switzerland (SWI) 46°57’30.72’’N 7°23’36.18’’E 

SCH238 SCH Schlüchtern, Germany (SCH) 50°19’42.42’’N 9°31’24.18’’E 

HAM112 HAM Hamburg, Germany (HAM) 53°34’5.64’’N 9°58’34.26’’E 

LAT118 LAT Berzciems, Latvia (LAT) 57°16’4.14’’N 23°08’0.60’’E 

TUR104 TUR Turku, Finland (TUR) 61°14’56.70’’N 22°00’0.24’’E 

OUL208 OUL Oulu, Finland (OUL) 65°3’28.02’’N 25°31’11.10’’E 
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APPENDIX 4.2 

Quantitative aspects of male courtship song parameters in Nasonia. Average ± standard errors are shown with 
range and sample sizes in parentheses. BL = burst length (sec.); BSL = burst series length (sec.); PBL = pause 
duration between two bursts (sec.); PBSL = pause duration between burst series (sec.); Bout length = BSL plus 
PBSL; and BN = number of bursts per bout. 
 
Song  
parameters 

Nasonia lab strains 

N. vitripennis N. longicornis N. giraulti N. oneida 

BL (sec.) 
0.20 ± 0.01 

(0.06-0.52, 125) 
0.42 ± 0.02 

(0.21-0.90, 84) 
0.54 ± 0.01 

(0.19-1.01, 83) 
0.41 ± 0.01 

(0.24-0.67, 62) 

BSL (sec.) 
10.13 ± 1.84 

(2.54-34.68, 20) 
11.04 ± 0.48 

(1.87-25.41, 52) 
5.98 ± 0.32 

(2.19-13.64, 54) 
12.28 ± 0.53 

(6.45-22.03, 47) 

PBL (sec.) 
0.28 ± 0.01 

(0.08-0.69, 125) 
0.86 ± 0.05 

(0.26-2.22, 84) 

1.86 ± 0.08
 a

 
(1.22-2.89, 26) 

0.93 ± 0.04
 b

 
(0.39-1.82, 57) 

2.31 ± 0.17
 a

 
(1.44-3.49, 16) 

1.08 ± 0.05
 b

 
(0.48-2.17, 46) 

PBSL (sec.) 
3.24 ± 0.34 

(1.46-7.01, 20) 
4.51 ± 0.33 

(0.34-13.08, 52) 
8.81 ± 0.37 

(3.83-16.38, 54) 
7.40 ± 0.29 

(2.82-10.50, 47) 

Bout length  
(sec.) 

13.37 ± 1.77 
(7.48-37.88, 20) 

15.56 ± 0.59 
(3.86-29.34, 52) 

14.79 ± 0.56 
(8.64-27.01, 54) 

19.68 ± 0.54 
(13.48-30.98, 47) 

BN 
21.05 ± 3.27 
(11-69, 20) 

10.06 ± 0.91 
(4-17, 16) 

4.13 ± 0.17 
(2-8, 54) 

8.19 ± 0.30 
(5-15, 47) 

Frequency  
(Hz) 

432.75 ± 4.99 
(332.94-487.96, 41) 

457.39 ± 3.64 
(394.14-496.10, 49) 

371.21 ± 6.87 
(269.42-488.61, 53) 

439.73 ± 9.24 
(386.78-512.02, 18) 

a = length of song pause between 1st and 2nd burst; b = length of song pause between later bursts (i.e., 2nd and 3rd burst, 3rd and 4th 

burst, and so on).  

 
Song  
parameters 

N. vitripennis field strains 

SWIT SCH HAM LAT TUR OUL overall 

BL (sec.) 
0.16 ± 0.01 
(0.08-0.25, 

40) 

0.17 ± 0.01 
(0.12-0.25, 

20) 

0.15 ± 0.01 
(0.12-0.24, 

20) 

0.18 ± 0.01 
(0.10-0.25, 

20) 

0.22 ± 0.02 
(0.11-0.42, 

20) 

0.21 ± 0.00 
(0.18-0.27, 

20) 

0.18 ± 0.00 
(0.08-0.42, 

140) 

BSL (sec.) 11.16 (-, 1) 
6.59 ± 0.18 
(6.25-7.07, 

5) 
n.a. n.a. 6.53 (-, 1) n.a. 

7.23 ± 0.67 
(6.25-11.16, 

7) 

PBL (sec.) 
0.29 ± 0.01 
(0.14-0.44, 

40) 

0.33 ± 0.02 
(0.22-0.47, 

20) 

0.26 ± 0.02 
(0.17-0.43, 

20) 

0.30 ± 0.01 
(0.21-0.37, 

20) 

0.33 ± 0.02 
(0.15-0.65, 

20) 

0.38 ± 0.02 
(0.21-0.56, 

20) 

0.31 ± 0.01 
(0.14-0.65, 

140) 

PBSL (sec.) 7.05 (-, 1) 
1.86 ± 0.45 
(1.00-3.41, 

5) 
n.a. n.a. 2.99 (-, 1) n.a. 

2.76 ± 0.79 
(1.00-7.05,  

7) 

Bout length 
(sec.) 

18.21 (-, 1) 
8.45 ± 0.43 
(7.58-9.66, 

5) 
n.a. n.a. 9.52 (-, 1) n.a. 

10.00 ± 1.41 
(7.58-18.21, 

7) 

BN 24 (-, 1) 
16.20 ± 1.16 

(12-19, 5) 
n.a. n.a. 17 (-, 1) n.a. 

17.43 ± 1.36 
(12-24, 7) 

Frequency 
(Hz) 

419.97 ± 
17.06 

(355.08-
466.31, 6) 

425.67 ± 
14.24 

(402.14-
466.31, 4) 

457.07 ± 
3.57 

(448.85-
465.54, 6) 

398.11 ± 
5.96 

(368.52-
417.93, 7) 

265.24 ± 
30.37 

(213.90-
402.14, 6) 

417.65 ± 
9.97 

(363.64-
440.64, 8) 

396.87 ± 
11.69 

(213.90-
466.31, 37) 
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ABSTRACT  

Cuticular hydrocarbons (CHCs) play an important role in the biology of insects, primarily as 

a waterproofing layer and in chemical communication. We investigated intraspecific 

variation of CHC profiles in 12 strains of the parasitoid wasp Nasonia vitripennis 

(Hymenoptera, Pteromalidae) collected from seven localities along a latitudinal cline in 

Europe. All tested strains had CHC profiles characteristic for Nasonia with 57 and 59 

chemical compounds identified in females and males, respectively. Variation was found in 

CHC profiles of both females and males, but did not follow a latitudinal cline within each 

sex. We further correlated ratios of CHC substance classes (including alkanes, alkenes, 

monomethyl-alkanes, dimethyl-alkanes, and trimethyl-alkanes) with several geoclimatic 

factors (latitude, mean temperature, temperature range, humidity and precipitation) to 

identify possible geoclimatic effects on CHC composition. Significant correlations were 

found between the CHC ratio (alkanes - monomethyl-alkanes) / (alkanes + monomethyl-

alkanes) with latitude, mean temperature and temperature range among females. In 

addition, significant correlations were detected between CHC ratios in females, but not in 

males, with mean annual precipitation rates. Our results confirm that CHC profiles differ 

between Nasonia species and sexes, and suggest that geoclimatic factors affect female CHC 

compositions in N. vitripennis. We discuss our results in the context of mating differences 

between these strains.  
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INTRODUCTION 

Cuticular hydrocarbons (CHCs) are long-chain molecules that are synthesized in specialized 

cells, called oenocytes, and subsequently transported to the cuticle of an arthropod. They 

mainly consist of three substance classes: alkanes, alkenes, and methyl-branched alkanes. 

These CHCs build a small hydrophobic layer on the cuticle of an insect and serve multiple 

functions, such as protection against desiccation, barrier against microbial infection, 

recognition cues, and sex pheromones (Edney 1977; Hadley 1981; Coyne et al. 1994; 

Suvanto et al. 2000; Wagner et al. 2001; Ferveur 2005; Howard and Blomquist 2005; Lucas 

et al. 2005; Mas and Jallon 2005; Johansson and Jones 2007; Peterson et al. 2007; 

Blomquist and Bagnères 2010; Veltsos et al. 2012; Chung and Carroll 2015; Wurdack et al. 

2015). CHCs can only function as sex pheromones when they show sexual dimorphism 

allowing for recognition of conspecifics or mating partners.   

       CHCs are not invariant and static traits, but can co-vary with environmental and 

geoclimatic factors (for an extensive review, see Ingleby 2015). For instance, environmental 

factors affect CHCs in several ant species (Nielsen et al. 1999; Liu et al. 2001; Wagner et al. 

2001; Menzel et al. 2017). Toolson and Hadley (1979) reported that summer-collected 

scorpions and tenebrionid beetles have lower water-loss rates than fall/winter-collected 

animals, as well as a different complement of CHCs. Rourke (2000) found that Melanopus 

sanguinipes grasshoppers from lower latitudes lose water more slowly and have surface 

lipids with higher melting points than populations from higher latitudes. Rouault et al. 

(2000) extensively investigated variation in male CHC profiles of Drosophila melanogaster 

and D. simulans, in connection with several geographic and climatic variables. They 

concluded that geoclimatic variables, such as latitude, longitude, temperature, and 

humidity, significantly affected CHC composition in male D. melanogaster but not D. 

simulans. Thermal acclimation to higher temperatures in the laboratory causes similar 

differences (Hadley 1977; Toolson 1982), suggesting that seasonal temperature changes in 

nature are responsible for both lipid variation and differences in water-loss rates. Although 

prevention against desiccation is suggested to be the ancestral function of CHCs in insects 

(Gibbs 2002), information on the evolutionary impact and possible adaptive significance of 

geoclimatic factors on intraspecific CHC composition is still scarce. 

        The genus Nasonia (Hymenoptera, Pteromalidae) has become a model system in 

evolutionary biology, in particular for research on speciation and adaptation (Breeuwer and 

Werren 1990, 1993, 1995; Gadau et al. 1999, 2000, 2002; Bordenstein et al. 2000, 2001, 

2003; Beukeboom and van den Assem 2001, 2002; Velthuis et al. 2005; Niehuis et al. 2008, 

2010, 2013; Werren and Loehlin 2009; Loehlin et al. 2010a, 2010b; Werren et al. 2010; 

Paolucci et al. 2013, 2016). Nasonia are small parasitic wasps that lay eggs on pupae of 

various fly species, primarily blowflies and fleshflies. Eggs hatch inside the host puparium, 
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develop into larvae, pupae, and adults (Whiting 1967; Pultz and Leaf 2003; Grillenberger et 

al. 2008). The genus Nasonia is composed of four closely related species, Nasonia 

vitripennis (Walker 1836), Nasonia longicornis, Nasonia giraulti (Darling and Werren 1990), 

and Nasonia oneida (Raychoudhury et al. 2010a). N. vitripennis is the only cosmopolitan 

Nasonia species, whereas the other three species are restricted to North America where 

their ranges partially overlap (see geographical distribution in Figure 1.1). Carlson et al. 

(1999) were the first to show that the CHC profiles of N. vitripennis males and females 

differ from each other. Steiner et al. (2006) demonstrated that the CHCs of N. vitripennis 

females act as short-range sex pheromone on N. vitripennis males. Raychoudhury et al. 

(2010a) and Buellesbach et al. (2013) found that CHC profiles of all the Nasonia species 

differ strongly. Buellesbach et al. (2013) reported that in all Nasonia species except N. 

giraulti the CHC profiles of the female are a cue for males to decide whether or not to 

mount the female as part of the mating behaviour repertoire. No studies so far have 

investigated geographical variation in CHCs within a Nasonia species, neither considered a 

potential influence of geoclimatic factors on CHC composition in Nasonia. Similar to clock 

genes that may be under selection for adaptation to climate (photoperiodism) (described in 

Chapter 3), CHCs may be selected for climatic adaptation and pleotropically affect mate 

recognition and discrimination.  

        In the present study, I investigate whether intraspecific variation in CHC profiles in N. 

vitripennis natural strains correlates with geoclimatic factors. Individuals were collected 

from seven populations along a north-south gradient from Corsica to Northern Finland. 

These are the same populations for which I described differences in courtship behaviour 

and song (Chapter 3 and 4). CHC profiles were detected by gas chromatography/mass 

spectrometry (GC/MS) analyses of CHC extracts and climatic data obtained from publically 

available databases. I discuss my results in the context of mating behaviour differences 

between these strains.  

 

MATERIAL AND METHODS 

Wasp samples and experimental design 

N. vitripennis stains were collected at seven localities in Europe during summer 2009 along 

a latitudinal gradient, from Corsica (42°N) to North Finland (65°N), with a distance of about 

4-5 latitudinal degrees (Figure 3.1 and Appendix 5.1). Wasps were collected from bird nests 

of mainly great tits (Parus major), blue tits (Parus caeruleus) and flycatchers (Ficedula 

hypoleuca). The main method consisted of removal of nests from the nestbox at least 5 

days after the birds had fledged and subsequent dissection of the nest material for fly 

pupae that might have been parasitized. A second method used baits consisting of mesh 

bags with approximately 25 laboratory-raised fly pupae (Calliphora spp.) that were placed 
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within or next to the nest boxes for about 3-5 days to attract the wasps. They were 

subsequently taken into the laboratory and checked for wasp emergence. A third method 

was to collect adult wasps directly from the nest material or from the baits. Isofemale lines 

were set up either from single adults directly collected from the field or from wasps that 

emerged from the pupae of bird nests or baits (see also Paolucci et al. 2013 and Chapter 3). 

        Wasps used for this study were 48-72h old sexually mature adults, both females and 

males, from the 3
rd

-4
th

 generation of the isofemale lines. They were cultured in plastic mass 

culture vials (height 75 mm, diameter 24 mm) under standard conditions of constant 25°C, 

a 16:8 light/dark cycle and 45% relative humidity in a climate room. The following Nasonia 

isofemale strains were analyzed (Appendix 5.1): three from the most southern locality 

Corsica: COR05, COR20, and COR31, four from the most northern site Oulu: OUL126, 

OUL129, OUL162, and OULGB, and one strain each from the five intermediate localities: 

SWI208, SCH208, HAM130, LAT118, and TUR163. For further comparison two North 

American N. vitripennis strains, BTMON-E05-3 (Utah, USA, 2005) and NY07/26 (New York, 

USA, 2007), one N. giraulti, NGVA1TET (Virginia, USA, 2007) and one N. longicornis, IT2 

(Ithaca, USA, 2005), were used.  

 

Chemical analysis of cuticular hydrocarbon profiles 

Wasps were frozen at -20℃ and then stored separately by sex and species in glass vials 

(height 30 mm, diameter 10 mm) in the freezer. CHC profiles were extracted by immersing 

10 specimens of the same sex and population in 100 μl hexane in glass vials (height 30 mm, 

diameter 10 mm) for 10 minutes. After CHC extraction, wasps were removed and glass vials 

stored at -20°C until processing for gas chromatography/mass spectrometry analysis 

(GC/MS). The solvent of the extracts was evaporated to ~1 μl using a gentle stream of 

nitrogen. The entire residual was subsequently injected into a HP 6890 gas chromatograph 

coupled with a HP 5973 mass selective detector (Hewlett Packard, Waldbronn, Germany) 

operating in electron impact ionisation mode. The GC (split/splitless injector in splitless 

mode for 1 min, injected volume: 1 µl at 250°C) was equipped with a DB-5 Fused Silica 

capillary column (30 m x 0.25 mm ID, df = 0.25 μm, J&W Scientific, Folsom, USA). Helium 

served as a carrier gas with a constant flow of 1 ml per minute. The following temperature 

program was used: temperature started at 60°C, and increased by 40°C per minute up to 

200°C, followed by an increase of 5°C per minute up to 300°C, and holding at 300°C for 10 

minutes. The electron ionization mass spectra (EI-MS) were acquired at an ionization 

voltage of 70 eV (source temperature: 230°C). CHC peak integration and data acquisition 

were carried out using the software HP Enhanced Chemstation, G1701AA, Version 

E.01.00.237 (Hewlett-Packard Company, 3000 Hanover Street Palo Alto, CA 94304 USA).  
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        Each CHC compound was identified based on retention indices and diagnostic ions as 

well as on already published CHC profiles of Nasonia vitripennis (Steiner et al. 2006; 

Buellesbach et al. 2013). Comparative analyses of the CHC profiles were performed for 

females and males separately. In order to account for differences in the relative amount of 

CHCs extract between samples, data were standardized through dividing each peak area by 

the sum of all integrated and identified hydrocarbon peaks. Only peaks whose relative 

abundance was more than 0.1% of the total quantitative CHC abundance in the respective 

extract were considered in subsequent analysis. 

 

Statistical analysis 

CHC composition 

Statistical analysis of all CHC data was performed with R statistical software (version 3.1.2, 

R Development Core Team 2014). CHC profile similarity and divergence were visualized 

using multivariate methods. A non-metric multidimensional scaling (NMDS) analysis using 

Bray-Curtis distances assessed overall chemical distances among all female and male 

populations, with the “vegdist” function of the R package “vegan” (Oksanen et al. 2007).  

        To project the high-dimensional data points into a two-dimensional space, the NMDS 

method from the R package “vegan” (Oksanen et al. 2007) was used. Reducing the 

dimensionality with this method, the data points are plotted in a monotonous way so that 

the calculated distances () in the plot give the most accurate reflection of the actual 

distances (d) between the data. Two preconditions are met with the NMDS method: (1). 

The calculated distances in the plot are smaller or equal to the actual data point distances 

(i,j ≤ di,j); (2). The correlation between the calculated distances and the actual data point 

distances is maximized (cor(i,j, di,j)  max). The individual data points yielded from this 

method (see Figure 5.1) represented males and females of the collected Nasonia strains 

and their distances were inferred from quantitative differences in their CHC profiles, 

calculated from the relative peak area differences.  

 

Geographical variation in CHC profiles 

A Mantel test (Mantel 1967) with R package “ade4” (Dray and Dufour 2007), using 9999 

permutations per test, measured the correlation between the NMDS Bray-Curtis distances 

and the geographic distances of the collected strains. A first Mantel test on all strains 

investigated whether the NMDS Bray-Curtis distances displayed any isolation by distance. 

With a single strain per latitude (randomly selected out of the 3 and 4 samples of COR and 

OUL respectively), a second test identified whether the CHC profiles distances followed a 

latitudinal gradient.           
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Correlation of CHC substance classes with geoclimatic factors 

The relative percentages of compounds in several CHC substance classes were measured, 

covering alkanes, alkenes, monomethyl-alkanes, dimethyl-alkanes, and trimethyl-alkanes. A 

balanced ratio (X - Y) / (X + Y) was calculated rather than other types of ratios because it 

reduces bias, favours symmetry, and defines limits [-1, +1] (Rouault et al. 2000). X was 

assigned the CHC substance class “alkanes” and Y one of the classes other than   “alkanes”. 

This ratio was correlated with geographic parameters (latitude) and climatic factors (mean 

temperature, temperature range, humidity, and precipitation). The geographic parameters 

and climatic variables were obtained from the GPS coordinates of the sample localization 

and from ClimaTemps.com. Temperature was considered with two variables: mean yearly 

temperature at the sampling locality, and temperature range, i.e., the difference between 

the yearly maximal and minimal temperatures. Climatic factors percent humidity and 

amount of precipitation (in mm) were measured as the yearly average. Geoclimatic data 

are listed in Table 5.1. Correlations between CHC composition and geoclimatic factors were 

tested with the non-parametric Spearman correlation tests as most of our data were not 

normally distributed.  

 
Table 5.1: Geoclimatic data of the European N. vitripennis sampling locations. Site abbreviations are explained in 
Figure 3.1. 
 

Strain Site 
Latitude  

(N) 
Mean  

Temperature (°C) 
Temperature  

Range (°C) 
Humidity  

(%) 
Precipitation  

(mm) 

COR05 COR 42.378 14.75 25 79.42 645.7 

COR20 COR 42.376 14.75 25 79.42 645.7 

COR31 COR 42.378 14.75 25 79.42 645.7 

SWI208 SWI 46.579 8.58 27 78.75 986 

SCH208 SCH 50.321 10.46 27 62.50 676 

HAM130 HAM 53.566 8.92 26 80.67 716 

LAT118 LAT 57.004 6.24 30 79.83 636 

TUR163 TUR 61.245 4.80 32 70.67 661 

OUL126 OUL 65.048 2.00 35 79.08 433 

OUL129 OUL 65.050 2.00 35 79.08 433 

OUL162 OUL 65.076 2.00 35 79.08 433 

OULGB OUL - 2.00 35 79.08 433 

 

RESULTS 

CHC profiles 

The CHC profiles of 12 N. vitripennis strains from seven localities in Europe were compared. 

Two North American N. vitripennis strains, one N. giraulti strain and one N. longicornis 

strain were used as outgroups. A total of 57 and 59 peaks were analysed for females and 

males, respectively. All CHC profiles differentiated according to species and sex (Figure 5.1). 
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The NMDS analysis revealed that all N. vitripennis strains fall into one cluster with distinct 

distances to the other two species, N. giraulti and N. longicornis (Figure 5.1). The two sexes 

also have clearly different CHC patterns, consistent with Buellesbach et al. (2013). Although 

qualitatively similar, quantitative differences were detected in the profiles of both females 

and males among the 12 European N. vitripennis strains collected from seven localities (see 

Appendix 5.2 for profile examples). Appendix 5.3 provides detailed information on the 

relative CHC abundances and compound classes for females and males of each strain.  

 

 
 
Figure 5.1: Female and male profiles of 12 European and 2 North American N. vitripennis strains as well as of a N. 
giraulti and N. longicornis strain are depicted in a two-dimensional graph by non-metric multidimensional scaling 
(NMDS) of Bray-Curtis CHC profile distances (spatial proximity correlates with high CHC profile similarity; stress = 
0.076). CHC composition is species- and sex-specific in Nasonia as all European and American N. vitripennis were 
grouped together and separated from the other two Nasonia species in both sexes. Strain IDs are explained in 
Appendix 5.1. 

 

Geographical variation in CHC profiles   

A Mantel test compared the Bray-Curtis distance of the CHC profiles (Appendix 5.4) with 

the geographical distance of the populations (Appendix 5.5). In females, but not males, CHC 

profiles diverge with geographic distance (Monte-Carlo test, females: R = 0.275, P = 0.027; 

males: R = -0.041, P = 0.576). To test for a clinal gradient, we randomly selected one strain 
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per latitude for the Mantel test. No correlation was detected for both females and males 

indicating that CHC profiles do not vary according to latitude (Monte-Carlo test, females: R 

= 0.276, P = 0.166; males: R = 0.052, P = 0.344).  

 

Correlation between CHC substance classes composition and geoclimatic factors 

Absolute values and balanced ratio of the CHC substance classes are compared in Table 5.2. 

Peaks of three substance classes, i.e., alkanes, monomethyl-alkanes and dimethyl-alkanes, 

are significantly higher than the alkenes and trimethyl-alkanes that are also less variable 

(mean ± SE; 0.16 ± 0.005, 0.36 ± 0.010, 0.38 ± 0.010 vs 0.02 ± 0.002, 0.02± 0.001; Mann-

Whitney U test, W = 576, P < 0.001).  

       Correlation tests were used to detect whether the balanced ratio of CHC substance 

classes (alkanes, alkenes, monomethyl-alkanes, dimethyl-alkanes, and trimethyl-alkanes) of 

the European N. vitripennis correlate with geographical parameters (latitude) or climatic 

factors (mean temperature, temperature range, humidity and precipitation). No 

correlations were found with latitude, except for the female ratio of alkanes/monomethyl-

alkanes that decreases with latitude (Table 5.3 and Figure 5.2A, Spearman, latitude, s390 = -

0.773, P = 0.008). No correlations were found with mean temperature and temperature 

range, except for the female ratio of alkanes/monomethyl-alkanes. This ratio increases with 

mean temperature and decreases with temperature range (Table 5.3, Figure 5.2B and 5.2C, 

Spearman, mean temperature, s88 = 0.692, P = 0.013; temperature range, s94 = -0.726, P = 

0.008). No correlations were found between any CHC ratios and humidity (Table 5.3 and 

Figure 5.2D). Positive correlations were found for all the tested female ratios 

(alkanes/alkenes, alkanes/monomethyl-alkanes, alkanes/dimethyl-alkanes, and 

alkanes/trimethyl-alkanes) with precipitation, but not for males (Table 5.3 and Figure 5.2E, 

Spearman, ratio alkanes/alkenes, s120 = 0.581, P = 0.048; ratio alkanes/monomethyl-

alkanes, s107 = 0.627, P = 0.029; ratio alkanes/dimethyl-alkanes”, s79 = 0.724, P = 0.008; ratio 

alkanes/trimethyl-alkanes, s118 = 0.588, P = 0.044).  

      In summary, we found that absolute values of the two CHC substance classes, alkenes 

and trimethyl-alkanes, are stable over a large geographical range of N. vitripennis in Europe. 

Several female, but not male, CHC balanced ratios are correlated with geoclimatic factors 

such as latitude, temperature and precipitation.  
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Table 5.2: Absolute values and balanced ratio of CHC substance classes in females and males of 12 European N. 
vitripennis strains, including alkanes, alkenes, monomethyl-alkanes, dimethyl-alkanes, and trimethyl-alkanes. The 
considered balanced ratio is: (X - Y) / (X + Y). X is alkanes; Y is alkenes, monomethyl-alkanes, dimethyl-alkanes, and 
trimethyl-alkanes respectively.  
 

Strain Sex 
Absolute values Balanced ratio 

alkanes alkenes mono1 dime2 trime3 ratio.alkenes ratio.mono1 ratio.dime2 ratio.trime3 

COR05 female 0.1724 0.0138 0.3415 0.3994 0.0190 0.8514 -0.3291 -0.3971 0.8018 

COR20 female 0.1743 0.0135 0.3664 0.3855 0.0137 0.8559 -0.3553 -0.3774 0.8540 

COR31 female 0.1614 0.0122 0.3298 0.4289 0.0141 0.8597 -0.3428 -0.4531 0.8390 

SWI208 female 0.1919 0.0132 0.3340 0.4162 0.0143 0.8716 -0.2702 -0.3688 0.8612 

SCH208 female 0.1583 0.0149 0.3657 0.4055 0.0165 0.8284 -0.3958 -0.4384 0.8114 

HAM130 female 0.1600 0.0156 0.3683 0.3972 0.0200 0.8224 -0.3944 -0.4258 0.7775 

LAT118 female 0.1647 0.0133 0.3992 0.3688 0.0153 0.8509 -0.4158 -0.3825 0.8299 

TUR163 female 0.1994 0.0136 0.4223 0.3151 0.0159 0.8720 -0.3586 -0.2249 0.8521 

OUL126 female 0.1422 0.0133 0.3227 0.4452 0.0176 0.8295 -0.3883 -0.5159 0.7792 

OUL129 female 0.1425 0.0160 0.3493 0.4032 0.0195 0.7985 -0.4204 -0.4776 0.7593 

OUL162 female 0.1308 0.0188 0.3486 0.4335 0.0147 0.7483 -0.4542 -0.5364 0.7984 

OULGB female 0.1362 0.0169 0.3623 0.4155 0.0181 0.7790 -0.4535 -0.5063 0.7651 

 mean 0.1612 0.0146 0.3592 0.4012 0.0166 0.8306 -0.3815 -0.4254 0.8107 

 SE 0.0061 0.0005 0.0083 0.0099 0.0006 0.0111 0.0154 0.0245 0.0104 

COR05 male 0.1410 0.0487 0.4082 0.3344 0.0212 0.4864 -0.4865 -0.4068 0.7383 

COR20 male 0.1324 0.0308 0.3570 0.3754 0.0290 0.6229 -0.4589 -0.4786 0.6411 

COR31 male 0.1658 0.0254 0.2673 0.3987 0.0304 0.7341 -0.2343 -0.4125 0.6903 

SWI208 male 0.1277 0.0303 0.3474 0.3754 0.0332 0.6162 -0.4623 -0.4922 0.5878 

SCH208 male 0.1355 0.0306 0.3526 0.4192 0.0263 0.6315 -0.4448 -0.5115 0.6744 

HAM130 male 0.1638 0.0311 0.3621 0.3485 0.0374 0.6809 -0.3771 -0.3605 0.6281 

LAT118 male 0.1755 0.0235 0.4660 0.2832 0.0188 0.7640 -0.4529 -0.2348 0.8061 

TUR163 male 0.2015 0.0325 0.4480 0.2687 0.0175 0.7222 -0.3796 -0.1430 0.8400 

OUL126 male 0.1594 0.0269 0.2636 0.3774 0.0234 0.7109 -0.2464 -0.4062 0.7436 

OUL129 male 0.1744 0.0236 0.3721 0.3436 0.0265 0.7620 -0.3617 -0.3265 0.7362 

OUL162 male 0.1539 0.0282 0.3225 0.3754 0.0297 0.6907 -0.3538 -0.4185 0.6761 

OULGB male 0.1997 0.0282 0.3666 0.3150 0.0183 0.7527 -0.2948 -0.2241 0.8318 

 mean 0.1609 0.0300 0.3611 0.3512 0.0260 0.6812 -0.3794 -0.3679 0.7162 

 SE 0.0071 0.0019 0.0176 0.0130 0.0018 0.0234 0.0248 0.0333 0.0234 

overall 
mean 0.1610 0.0223 0.3601 0.3762 0.0213 0.7559 -0.3805 -0.3966 0.7634 

SE 0.0046 0.0019 0.0095 0.0095 0.0014 0.0201 0.0143 0.0211 0.0159 

      mono1 = monomethyl-alkanes; dime2 = dimethyl-alkanes; trime3 = trimethyl-alkanes. 
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Table 5.3: Correlations between balanced ratio values of CHC and geoclimatic factors in females and males of 12 
European N. vitripennis strains. CHC substance classes consist of alkanes, alkenes, monomethyl-alkanes, dimethyl-
alkanes, and trimethyl-alkanes. Geoclimatic factors include latitude, mean temperature, temperature range, 
humidity, and precipitation.  
 

Variable 
 ratio.alkenes ratio.mono1 ratio.dime2 ratio.trime3 

 
female male female male female male Female male 

latitude 

s -0.573 
(P = 0.071) 

0.582 
(P = 0.066) 

-0.773 * 
(P = 0.008) 

0.564 
(P = 0.076) 

-0.518 
(P = 0.107) 

0.455 
(P = 0.163) 

-0.582 
(P = 0.066) 

0.373 
(P = 0.261)  

n 11 11 11 11 11 11 11 11 

mean  
temperature 

s 0.545 
(P = 0.067) 

-0.552 
(P = 0.063) 

0.692* 
(P = 0.013) 

-0.480 
(P = 0.114) 

0.516 
(P = 0.086) 

-0.491 
(P = 0.105) 

0.559 
(P = 0.059) 

-0.437 
(P = 0.155)  

n 11 11 11 11 11 11 11 11 

temperature  
range 

s -0.560 
(P = 0.058) 

0.553 
(P = 0.062) 

-0.726 * 
(P = 0.008) 

0.478 
(P = 0.116) 

-0.542 
(P = 0.068) 

0.438 
(P = 0.154) 

-0.550 
(P = 0.064) 

0.463 
(P = 0.129)  

n 11 11 11 11 11 11 11 11 

humidity 

s -0.079 
(P = 0.808) 

0.108 
(P = 0.739) 

0.054 
(P = 0.868) 

-0.022 
(P = 0.947) 

0.007 
(P = 0.982) 

0.190 
(P = 0.554) 

-0.143 
(P = 0.657) 

-0.093 
(P = 0.773)  

n 11 11 11 11 11 11 11 11 

precipitation 

s 0.581* 
(P = 0.048) 

-0.574 
(P = 0.051) 

0.627* 
(P = 0.029) 

-0.538 
(P = 0.071) 

0.724* 
(P = 0.008) 

-0.369 
(P = 0.237) 

0.588* 
(P = 0.044) 

-0.545 
(P = 0.067)  

n 11 11 11 11 11 11 11 11 

        mono1 = monomethyl-alkanes; dime2 = dimethyl-alkanes; trime3 = trimethyl-alkanes. 
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Figure 5.2: Correlations between balanced ratio values of CHC profiles and geoclimatic factors in 12 European N. 
vitripennis strains. Significant correlations were found for the alkanes – monomethyl-alkanes combination with 
latitude (A), mean temperature (B) and temperature range (C) for females. No correlations were found with 
humidity (D). Significant correlations were found between all CHC ratios investigated and precipitation in females 
(E). * = P < 0.05. 

 

DISCUSSION 

In this study, we have investigated geographic variation in CHC profiles among 12 European 

Nasonia vitripennis populations collected from seven localities along a latitudinal gradient 

from Corsica to Northern Finland spanning 23 latitudinal degrees. The European and two 

additional North American N. vitripennis strains were found to cluster together and 

separate from Nasonia giraulti and Nasonia longicornis. Profiles of N. vitripennis females 

and males were clearly distinct. These results are consistent with previous studies that 

found species- and sex-specific patterns in Nasonia CHC profiles (Raychoudhury et al. 

2010a; Buellesbach et al. 2013). Moreover, we found that the CHC profiles varied little with 

no clear geographical pattern for both females and males.  

        We tested for correlation of the different CHC compound classes with various 

geoclimatic factors in European N. vitripennis. We focused on alkanes relative to several 

other compound classes (including alkenes, monomethyl-alkanes, dimethyl-alkanes, and 

trimethyl-alkanes) as alkanes are known to be the most important substance class for 

hydrocarbon layer hardening (Gibbs and Pomonis 1995; Gibbs 1998, 2002). A calculating 

formula (X – Y) / (X + Y) was used to obtain a balanced ratio, in which X was assigned 

alkanes and Y one of the classes other than alkanes. The variation in CHC composition 

observed in our study is generally consistent with other insect studies. Rouault et al. (2000) 

found that geoclimatic factors have effect on CHC compositions in male Drosophila. We 

also found that geographical and climatic factors affect the CHC compound ratios in 

European Nasonia vitripennis, but only in females not in males. Frentiu and Chenoweth 

(2010) found significant correlations between CHC compounds and latitude in both sexes of 

D. melanogaster and D. serrata. Longer carbon-chained compounds (more than 24 carbon 

atoms) tended to decrease with increasing latitude, suggesting a better protection against 

dessication of the longer chain-length CHCs in warmer climates. As alkanes (29 to 33 

carbons) are the substance classes with the best properties against desiccation stress we 

would expect to find higher amounts compared with other CHC substance classes in 

warmer and dryer climates. This means that the calculated ratios (alkanes in comparison to 

other CHC substance classes), with the formula (X – Y) / (X + Y), should also be higher in 

warmer and dryer climates (i.e., more alkanes compared to other CHC substance classes) to 

be better protected against desiccation. Consistently, we found that the amount of alkanes 

relative to monomethyl-alkanes correlated with latitude negatively, resulting in a better 

adaptation against desiccation in warmer and dryer climates. This observation is consistent 
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with the findings of Frentiu and Chenoweth (2010). It is also congruent with the positive 

correlation between composition of two alkenes with different chain-length (7-tricosene - 

7-pentacosene/7-tricosene + 7-pentacosene) and latitude in D. menanogaster reported by 

Rouault et al. (2000) showing an increase of chain-length towards warmer climates even 

within one substance classes which is an alternative mode to increase the hardening of CHC 

profiles to be better protected against desiccation in insects. 

        Different selective pressures exerted by climatic factors (e.g., temperature and 

humidity) have been hypothesized to influence genetic background and biosynthesis of 

CHC compounds (Rouault et al. 2000, 2004; Frentiu and Chenoweth 2010). Gibbs (1998) 

found that water loss strongly increased when temperature exceeded the melting point of 

cuticular compounds. As mentioned above, in theory, higher calculated ratios (alkanes in 

comparison to other CHC substance classes) are expected to be produced in warmer 

climates that have a higher average temperature and a smaller temperature range. We 

found that the relative amount of alkanes to monomethyl-alkanes in Nasonia females 

increases with mean temperature and decreases with temperature range, means a better 

protection against dessication in regions with higher temperatures and with smaller 

temperature ranges, which is also consistent with the hypothetical selection by climatic 

factors. Interestingly, we also found a positive correlation between yearly precipitation and 

the ratios of alkanes to all other tested substance classes. However, this is not in line with 

the expectation to have a better protection against dessication in regions with lower 

precipitation and is opposite to the findings of Menzel et al. (2017). Moreover, CHCs appear 

to be particularly affected by humidity, due to their physiological properties and water-

proofing capabilities (Gibbs and Pomonis 1995; Gibbs 1998; Frentiu and Chenoweth 2010). 

We did however not find significant correlations between CHC compostion and humidity in 

our study, nor did Menzel et al. (2017). Overall, our results indicate that geoclimatic factors, 

in particular precipitation and temperature, do affect CHC composition in Nasonia and that 

this effect is stronger in females than males. 

        A likely explanation for differences in CHCs of males and females is that CHC perform 

partial different functions in the two sexes. In Nasonia female CHCs act as close-range sex 

pheromones (Steiner et al. 2006), and are used for species and mate recognition by males, 

with the exception of N. giraulti where it appears that the pheromonal function has been 

lost (Buellesbach et al. 2013). Selection is expected to act in a stabilizing way on sexual 

signals to maintain their functionality (Baker 1989; Phelan 1992). For male CHC profiles, no 

sexual signalling function could be found thus far (Steiner et al. 2006; Buellesbach et al. 

2013; Giesbers et al. 2013). It appears likely that the sex pheromone function of female 

CHC is an ancestral state in the Nasonia species complex. Therefore, divergent selection for 

mate signals is expected to be less strong for females than males, and female CHC 
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adaptation to geoclimatic factors may be less constrained by sexual selection. Our results 

indeed indicate that the female CHCs are more conducive to environmental influences than 

male CHCs. Clearly, the functional significance of CHCs and the causal relationships with 

environmental factors need further investigation in Nasonia. 

        Cuticular hydrocarbons can function as chemical cues in mate choice (Suvanto et al. 

2000; Dietemann et al. 2003; Steiner et al. 2006; Buellesbach et al. 2013) and divergence in 

CHC profiles can play a role in prezygotic isolation (Shaw and Parsons 2002). I have found 

quantitative differences in female and male CHC profiles of European N. vitripennis. It is 

interesting to note that intraspecific quantitative variation was also evident in male mating 

behaviour (see Chapter 3) and male courtship song (see Chapter 4) in parallel studies with 

the same wasp populations. Similar to clock genes that may be under photoperiodism 

selection and affect courtship behaviour (see Chapter 3), CHCs are likely selected by 

geoclimatic factors and pleotropically affect mate choice and interspecific mate 

discrimination. Yet, no difference in female mate discrimination was found in intra- and 

inter-population crosses (see Chapter 3). This indicates that the observed differences in 

CHCs and behaviour fall within a range of intraspecific variation that is not translated into 

any degree of mate discrimination or prezygotic isolation. Thus, European Nasonia 

populations appear to be large enough to prevent significant differentiation by drift, and 

gene flow between subpopulations appears to be sufficient to prevent the build up of 

reproductive isolation. 
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APPENDIX 5.1 

Sampling locations of Nasonia strains. Sampling localitions of European N. vitripennis are depicted in Figure 3.1.  
 

Species Strain ID Site GPS coordinates 

N. vitripennis COR05 A Corsica, France (COR) 42°22’40.14’’N 8°45’7.74’’E 

“ COR20 B “ 42°22’33.96’’N 8°45’0.48’’E 

“ COR31 C “ 42°22’41.28’’N 8°45’5.40’’E 

“ SWI208 D Ballens, Switzerland (SWI) 46°34’46.26’’N 6°23’48.06’’E 

“ SCH208 E Schlüchtern, Germany (SCH) 50°19’15.48’’N 9°32’39.66’’E 

“ HAM130 F Hamburg, Germany (HAM) 53°33’58.92’’N 9°58’14.40’’E 

“ LAT118 G Berzciems, Latvia (LAT) 57°16’4.14’’N 23°08’0.60’’E 

“ TUR163 H Turku, Finland (TUR) 61°14’42.90’’N 22°15’35.28’’E 

“ OUL126 I Oulu, Finland (OUL) 65°2’53.52’’N 25°30’54.84’’E 

“ OUL129 J “ 65°2’58.86’’N 25°31’27.00’’E 

“ OUL162 K “ 65°4’32.64’’N 25°32’41.10’’E 

“ OULGB L “ - - 

“ BTMON-E05-3 M Utah, USA - - 

“ NY07/26 N New York, USA - - 

N. longicornis IT2 O Ithaca, USA - - 

N. giraulti NGVA1TET P Virginia, USA - - 
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APPENDIX 5.2 

Examples of female and male CHC profiles of European N. vitripennis. Appendix 5.2A depicts CHC profiles of three 
strains from the same site Corsica, which are COR05 (in black), COR20 (in green), and COR31 (in yellow). Appendix 
5.2B depicts CHC profiles of four strains from different sites, which are COR05, HAM130, LAT118, and OUL126. 
Female and male CHC profiles differ qualitatively and quantitatively. The integrated area under the peaks is a 
measure of the amount of each compound. 
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APPENDIX 5.3 

CHC compounds of females and males of various Nasonia strains. Identifications of CHC compound names 
(identified by diagnostic ions and retention indices), substance classes, the retention time (RT), and their average 
relative abundances for each respective sex and strain are given. Strain IDs are explained in Appendix 5.1. 
 

Substance RT A B C D E F G H 

Compound Class   (min.) ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ 

C29 alkane 21.03 0.047 0.042 0.036 0.076 0.057 0.06 0.049 0.059 
13-; 11-; 9-MeC29 monomethylalkane 21.44 0.008 0.007 0.004 0.007 0.009 0.014 0.01 0.008 
7-MeC29 monomethylalkane 21.55 0.025 0.021 0.016 0.03 0.035 0.035 0.032 0.036 
5-MeC29 monomethylalkane 21.67 0.006 0.005 0.004 0.007 0.007 0.008 0.006 0.007 
15,17-DiMeC29 dimethylalkane 21.75 0.001 0.001 0.002 0.001 0.001 0.001 0.002 0.002 
?-DiMeC29 dimethylalkane 21.89 0.002 0.002 0.002 0.003 0.004 0.003 0.005 0.003 
3-MeC29 monomethylalkane 21.99 0.004 0.004 0.004 0.003 0.003 0.005 0.002 0.003 
?-DiMeC29 dimethylalkane 22.05 0.005 0.004 0.004 0.005 0.007 0.007 0.007 0.004 
C30 alkane 22.33 0.007 0.007 0.006 0.008 0.007 0.006 0.007 0.008 
?-DiMeC30 dimethylalkane 22.41 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.001 
13-; 11-; 9-MeC30 monomethylalkane 22.72 0.001 0.001 0.002 0.002 0.002 0.002 0.002 0.003 
7-; 5-MeC30 monomethylalkane 22.83 0.006 0.006 0.005 0.006 0.008 0.007 0.007 0.006 
3-MeC30 monomethylalkane 23.04 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.002 
9-C31en alkene 23.32 0.006 0.005 0.004 0.005 0.006 0.006 0.006 0.005 
7-C31en alkene 23.42 0.002 0.002 0.001 0.002 0.002 0.003 0.002 0.002 
C31 alkane 23.62 0.113 0.119 0.112 0.105 0.091 0.09 0.105 0.128 
15-;13-; 11-; 9-MeC31 monomethylalkane 23.98 0.051 0.055 0.056 0.059 0.068 0.05 0.061 0.081 
7-MeC31 monomethylalkane 24.11 0.116 0.127 0.106 0.115 0.126 0.114 0.132 0.143 
5-MeC31 monomethylalkane 24.22 0.038 0.04 0.037 0.037 0.038 0.064 0.065 0.055 
9,21-; 11,15-DiMeC31 dimethylalkane 24.28 0 0 0 0.025 0.027 0 0 0.028 
7,11-DiMeC31 dimethylalkane 24.42 0.021 0.016 0.018 0.03 0.035 0.028 0.033 0.026 
7,23-DiMeC31 dimethylalkane 24.52 0.073 0.073 0.077 0.071 0.074 0.071 0.065 0.056 
7,9-DiMeC31 dimethylalkane 24.68 0.005 0.004 0.004 0.011 0.011 0.009 0.009 0.007 
5,25-DiMeC31 dimethylalkane 24.85 0.007 0.006 0.007 0.009 0.009 0.009 0.008 0.007 
3,7-DiMeC31 dimethylalkane 24.92 0.006 0.006 0.005 0.006 0.006 0.007 0.006 0.006 
11-Me32; monomethylalkane 25.21 0.008 0.008 0.008 0.008 0.009 0.009 0.009 0.009 
6-MeC32 monomethylalkane 25.35 0.003 0.002 0.002 0.003 0.003 0.003 0.003 0.003 
8,12,16,24-TetraMeC31 tetramethylalkane 25.47 0.007 0.007 0.01 0.013 0.013 0.01 0.011 0.007 
7,x,x-TriMeC32 trimethylalkane 25.62 0.001 0.001 0.001 0 0 0 0.001 0.001 
9-C33en alkene 25.74 0.003 0.004 0.004 0.005 0.003 0.004 0.004 0.003 
7-C33en alkene 25.88 0.003 0.003 0.003 0.002 0.003 0.003 0.002 0.003 
C33 alkane 26.04 0.006 0.006 0.007 0.004 0.003 0.004 0.004 0.005 
15-; 13-; 11-; 9-MeC33 monomethylalkane 26.37 0.047 0.054 0.054 0.037 0.036 0.035 0.043 0.042 
7-MeC33 monomethylalkane 26.5 0.013 0.014 0.011 0.009 0.008 0.008 0.011 0.011 
13,19-DiMeC33 dimethylalkane 26.66 0.028 0.023 0.033 0.031 0.03 0.049 0.026 0.044 
9,23-; 11,21-DiMeC33 dimethylalkane 26.73 0.03 0.031 0.041 0.033 0.027 0 0.03 0 
7,23-; 7,21-; 7,19-DiMeC33 dimethylalkane 26.83 0.046 0.04 0.042 0.035 0.035 0.039 0.039 0.026 
5,17-DiMeC33 dimethylalkane 26.92 0.049 0.044 0.051 0.053 0.044 0.046 0.042 0.031 
3,15-DiMeC33 dimethylalkane 27.22 0.015 0.013 0.013 0.014 0.012 0.015 0.011 0.009 
5,7,9-TriMeC33 trimethylalkane 27.54 0.006 0.006 0.007 0.005 0.006 0.007 0.005 0.005 
3,7,11,15-TetraMeC33 tetramethylalkane 27.79 0.012 0.012 0.015 0.008 0.008 0.01 0.008 0.007 
11,22-DiMeC34 dimethylalkane 28.02 0.006 0.005 0.005 0.005 0.004 0.006 0.003 0.004 
4,18-; 4,16; 4,14-DiMeC34 dimethylalkane 28.15 0.002 0.003 0.003 0.002 0.002 0.002 0.002 0.002 
17-; 15-; 13-MeC35 monomethylalkane 28.64 0.014 0.017 0.016 0.009 0.008 0.011 0.011 0.011 
7-MeC35 monomethylalkane 28.78 0.001 0.002 0.001 0 0.001 0 0.001 0.002 
11,25-; 11,23-; 11,21DiMeC35 dimethylalkane 28.93 0.04 0.043 0.052 0.03 0.025 0.035 0.026 0.023 
7,25-; 7,23-; 7,21-DiMeC35 dimethylalkane 29.09 0.022 0.022 0.02 0.015 0.015 0.019 0.017 0.013 
5,17-DiMeC35 dimethylalkane 29.2 0.025 0.03 0.032 0.021 0.017 0.024 0.019 0.013 
11,17,23-TriMeC35 trimethylalkane 29.34 0.005 0 0 0.004 0.004 0.005 0.004 0.005 
5,11,17-TriMeC35 trimethylalkane 29.52 0.006 0.006 0.006 0.005 0.006 0.008 0.005 0.006 
3,5-DiMeC35 dimethylalkane 29.73 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0 
unidentified unidentified 30.16 0.004 0.004 0.003 0.002 0.004 0.005 0.004 0.004 
unidentified unidentified 30.41 0.002 0.002 0.001 0.001 0.002 0.005 0.002 0.003 
19-; 17-; 15-; 13-MeC37 monomethylalkane 31.22 0.001 0.002 0.002 0.001 0.002 0.002 0.002 0.002 
11,25-; 11, 23-; 11,21-DiMeC37 dimethylalkane 31.56 0.006 0.008 0.008 0.006 0.007 0.011 0.007 0.005 
7,23-; 7,21-; 7,19-DiMeC37 dimethylalkane 31.79 0.004 0.005 0.003 0.003 0.004 0.005 0.005 0.002 
5,17-; 5,15-DiMeC37 dimethylalkane 31.95 0.005 0.005 0.005 0.006 0.005 0.007 0.005 0.002 
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Substance RT I J K L M N O P 

Compound Class 
 

 (min.) ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ 

C29 alkane 21.03 0.041 0.039 0.039 0.039 0.05 0.044 0.033 0.013 
13-; 11-; 9-MeC29 monomethylalkane 21.44 0.012 0.012 0.01 0.008 0.013 0.015 0.015 0.005 
7-MeC29 monomethylalkane 21.55 0.032 0.031 0.033 0.03 0.034 0.035 0.021 0.013 
5-MeC29 monomethylalkane 21.67 0.007 0.006 0.006 0.007 0.008 0.008 0.006 0.006 
15,17-DiMeC29 dimethylalkane 21.75 0.002 0.001 0.002 0.002 0.001 0.001 0.001 0 
?-DiMeC29 dimethylalkane 21.89 0.005 0.004 0.006 0.004 0.003 0.004 0.004 0.003 
3-MeC29 monomethylalkane 21.99 0.003 0.005 0.004 0.004 0.005 0.004 0.014 0.002 
?-DiMeC29 dimethylalkane 22.05 0.008 0.006 0.008 0.007 0.006 0.005 0 0.004 
C30 alkane 22.33 0.006 0.006 0.006 0.006 0.008 0.01 0.008 0.009 
?-DiMeC30 dimethylalkane 22.41 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.002 
13-; 11-; 9-MeC30 monomethylalkane 22.72 0.002 0.002 0.003 0.003 0.002 0.003 0.002 0.003 
7-; 5-MeC30 monomethylalkane 22.83 0.005 0.006 0.007 0.007 0.007 0.007 0.008 0.007 
3-MeC30 monomethylalkane 23.04 0.002 0.001 0.002 0.002 0.001 0.001 0.001 0.002 
9-C31en alkene 23.32 0.006 0.008 0.008 0.007 0.016 0.007 0 0.001 
7-C31en alkene 23.42 0.002 0.002 0.002 0.002 0.005 0.002 0.001 0.001 
C31 alkane 23.62 0.091 0.093 0.082 0.088 0.093 0.114 0.093 0.13 
15-;13-; 11-; 9-MeC31 monomethylalkane 23.98 0.059 0.064 0.075 0.08 0.054 0.062 0.056 0.061 
7-MeC31 monomethylalkane 24.11 0.095 0.098 0.108 0.108 0.114 0.111 0.104 0.098 
5-MeC31 monomethylalkane 24.22 0.034 0.043 0.031 0.036 0.042 0.041 0.032 0.048 
9,21-; 11,15-DiMeC31 dimethylalkane 24.28 0.026 0 0.028 0.03 0 0 0 0 
7,11-DiMeC31 dimethylalkane 24.42 0.028 0.025 0.036 0.031 0.034 0.029 0.038 0.028 
7,23-DiMeC31 dimethylalkane 24.52 0.075 0.074 0.08 0.071 0.076 0.076 0.082 0.075 
7,9-DiMeC31 dimethylalkane 24.68 0.012 0.006 0.01 0.01 0.008 0.007 0.006 0.006 
5,25-DiMeC31 dimethylalkane 24.85 0.011 0.007 0.009 0.009 0.007 0.008 0.011 0.015 
3,7-DiMeC31 dimethylalkane 24.92 0.007 0.006 0.006 0.007 0.009 0.008 0.006 0.006 
11-Me32; monomethylalkane 25.21 0.011 0.009 0.009 0.01 0.009 0.009 0.012 0.017 
6-MeC32 monomethylalkane 25.35 0.002 0.003 0.002 0.003 0.003 0.003 0.001 0.002 
8,12,16,24-TetraMeC31 tetramethylalkane 25.47 0.016 0.011 0.012 0.014 0.007 0.005 0.014 0.018 
7,x,x-TriMeC32 trimethylalkane 25.62 0 0.001 0.001 0.001 0.002 0 0 0 
9-C33en alkene 25.74 0.004 0.002 0.005 0.005 0 0 0.003 0.004 
7-C33en alkene 25.88 0.002 0.004 0.003 0.003 0.005 0.004 0.002 0 
C33 alkane 26.04 0.004 0.004 0.003 0.004 0.003 0.004 0.004 0.008 
15-; 13-; 11-; 9-MeC33 monomethylalkane 26.37 0.038 0.045 0.04 0.043 0.043 0.046 0.086 0.08 
7-MeC33 monomethylalkane 26.5 0.008 0.01 0.007 0.008 0.008 0.01 0.007 0.013 
13,19-DiMeC33 dimethylalkane 26.66 0.036 0.032 0.032 0.035 0.027 0.024 0.072 0.055 
9,23-; 11,21-DiMeC33 dimethylalkane 26.73 0.024 0.033 0.034 0.026 0.029 0.033 0 0 
7,23-; 7,21-; 7,19-DiMeC33 dimethylalkane 26.83 0.036 0.042 0.038 0.036 0.041 0.033 0.015 0.017 
5,17-DiMeC33 dimethylalkane 26.92 0.06 0.039 0.052 0.048 0.043 0.036 0.031 0.037 
3,15-DiMeC33 dimethylalkane 27.22 0.016 0.014 0.012 0.014 0.014 0.011 0.009 0.013 
5,7,9-TriMeC33 trimethylalkane 27.54 0.007 0.007 0.005 0.006 0.008 0.007 0.006 0.012 
3,7,11,15-TetraMeC33 tetramethylalkane 27.79 0.014 0.01 0.008 0.008 0.009 0.011 0.011 0.026 
11,22-DiMeC34 dimethylalkane 28.02 0.006 0.004 0.004 0.004 0.004 0.004 0.004 0.005 
4,18-; 4,16; 4,14-DiMeC34 dimethylalkane 28.15 0.003 0.002 0.002 0.002 0.002 0.002 0.003 0.002 
17-; 15-; 13-MeC35 monomethylalkane 28.64 0.01 0.013 0.009 0.01 0.013 0.016 0.017 0.019 
7-MeC35 monomethylalkane 28.78 0.001 0.001 0 0.001 0.001 0.002 0.001 0.002 
11,25-; 11,23-; 11,21DiMeC35 dimethylalkane 28.93 0.033 0.041 0.027 0.027 0.033 0.039 0.045 0.033 
7,25-; 7,23-; 7,21-DiMeC35 dimethylalkane 29.09 0.017 0.021 0.014 0.016 0.016 0.016 0.006 0.006 
5,17-DiMeC35 dimethylalkane 29.2 0.027 0.025 0.02 0.02 0.017 0.018 0.017 0.016 
11,17,23-TriMeC35 trimethylalkane 29.34 0.005 0.005 0.004 0.005 0.006 0.005 0 0 
5,11,17-TriMeC35 trimethylalkane 29.52 0.006 0.006 0.005 0.006 0.007 0.007 0.005 0.006 
3,5-DiMeC35 dimethylalkane 29.73 0 0.001 0.001 0.002 0.001 0.002 0.002 0.003 
unidentified unidentified 30.16 0 0.003 0.003 0.003 0.005 0.006 0.005 0.006 
unidentified unidentified 30.41 0 0.002 0.002 0.001 0.003 0.002 0.002 0.002 
19-; 17-; 15-; 13-MeC37 monomethylalkane 31.22 0.001 0.001 0.001 0.002 0.003 0.003 0.003 0.004 
11,25-; 11, 23-; 11,21-DiMeC37 dimethylalkane 31.56 0.006 0.008 0.005 0.006 0.009 0.009 0.009 0.008 
7,23-; 7,21-; 7,19-DiMeC37 dimethylalkane 31.79 0.002 0.004 0.002 0.003 0.004 0.003 0.001 0.001 
5,17-; 5,15-DiMeC37 dimethylalkane 31.95 0.004 0.005 0.004 0.004 0.004 0.003 0.003 0.004 
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Substance RT A B C D E F G H 

Compound Class (min.) ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ 

C29 alkane 21.03 0.03 0.026 0.036 0.032 0.034 0.043 0.043 0.049 
13-; 11-; 9-MeC29 monomethylalkane 21.44 0.001 0.001 0.003 0.021 0.002 0.002 0.001 0.002 
7-MeC29 monomethylalkane 21.55 0.026 0.013 0.012 0.014 0.013 0.027 0.023 0.026 
5-MeC29 monomethylalkane 21.67 0.005 0.004 0.003 0.016 0.005 0.005 0.005 0.006 
?-DiMeC29 dimethylalkane 21.89 0.001 0.001 0 0.003 0.001 0.001 0.001 0.001 
3-MeC29 monomethylalkane 21.99 0.002 0.001 0.002 0.005 0.002 0.001 0.001 0.002 
?-DiMeC29 dimethylalkane 22.05 0.003 0.002 0.004 0.007 0.005 0.004 0.004 0.002 
C30 alkane 22.33 0.005 0.005 0.005 0.012 0.006 0.006 0.007 0.008 
7-; 5-MeC30 monomethylalkane 22.83 0.007 0.006 0.005 0.009 0.007 0.006 0.01 0.01 
9-C31en alkene 23.32 0.021 0.012 0.011 0.011 0.015 0.015 0.011 0.014 
7-C31en alkene 23.42 0.006 0.003 0.003 0.004 0.004 0.005 0.003 0.006 
C31 alkane 23.62 0.097 0.091 0.115 0.075 0.089 0.108 0.119 0.137 
7-MeC31 monomethylalkane 24.11 0.209 0.183 0.127 0.17 0.202 0.184 0.268 0.252 
5-MeC31 monomethylalkane 24.22 0.06 0.051 0.046 0.049 0.061 0.062 0.075 0.078 
7,11-DiMeC31 dimethylalkane 24.42 0.01 0.009 0 0.016 0.022 0.013 0.014 0.016 
7,23-DiMeC31 dimethylalkane 24.52 0.037 0.04 0.059 0.056 0.064 0.042 0.042 0.033 
7,x-DiMeC31 dimethylalkane 24.57 0.023 0.024 0.028 0.035 0.041 0.024 0.024 0.023 
7,9-DiMeC31 dimethylalkane 24.69 0.007 0.008 0.009 0.013 0.012 0.006 0.007 0.006 
5,25-DiMeC31 dimethylalkane 24.84 0.005 0.005 0.006 0.005 0.007 0.005 0.005 0.005 
3,7-DiMeC31 dimethylalkane 24.92 0.008 0.007 0.008 0.01 0.009 0.006 0.007 0.008 
11-Me32; monomethylalkane 25.26 0.007 0.006 0 0 0 0.005 0.006 0.004 
6-MeC32 monomethylalkane 25.35 0.006 0.005 0.005 0.011 0.006 0.004 0.005 0.006 
8,12,16,24-TetraMeC31 tetramethylalkane 25.47 0.004 0.004 0.005 0.01 0.005 0.003 0.003 0.003 
7,x,x-TriMeC32 trimethylalkane 25.68 0.003 0.003 0.003 0.006 0.004 0.001 0.001 0.003 
9-C33en alkene 25.79 0.013 0.008 0.006 0.008 0.006 0.006 0.005 0.006 
7-C33en alkene 25.89 0.009 0.007 0.005 0.007 0.006 0.005 0.004 0.007 
C33 alkane 26.04 0.009 0.012 0.009 0.008 0.006 0.007 0.007 0.008 
15-; 13-; 11-; 9-MeC33 monomethylalkane 26.38 0.031 0.032 0.025 0.019 0.023 0.023 0.028 0.025 
7-MeC33 monomethylalkane 26.5 0.035 0.028 0.02 0.02 0.018 0.018 0.026 0.023 
13,19-DiMeC33 dimethylalkane 26.62 0.015 0.013 0.014 0.008 0.009 0.011 0.01 0.011 
7,23-; 7,21-; 7,19-DiMeC33 dimethylalkane 26.81 0.058 0.066 0.074 0.066 0.073 0.049 0.051 0.045 
5,17-DiMeC33 dimethylalkane 27 0.041 0.045 0.054 0.045 0.053 0.037 0.032 0.035 
3,15-DiMeC33 dimethylalkane 27.26 0.014 0.018 0.021 0.021 0.02 0.016 0.01 0.011 
5,7,9-TriMeC33 trimethylalkane 27.58 0.005 0.007 0.007 0.008 0.005 0.005 0.005 0.005 
3,5-DiMeC33 dimethylalkane 27.7 0.002 0.002 0.001 0.002 0.001 0.002 0.002 0.001 
3,7,11,15-TetraMeC33 tetramethylalkane 27.8 0.006 0.008 0.008 0.007 0.006 0.008 0.004 0.004 
unidentified unidentified 27.93 0.003 0.002 0.006 0.003 0 0.004 0.002 0.002 
11,22-DiMeC34 dimethylalkane 28.02 0.005 0.005 0.006 0.006 0.008 0.007 0.003 0.003 
4,18-; 4,16; 4,14-DiMeC34 dimethylalkane 28.17 0.005 0.005 0.003 0.007 0.005 0.008 0.004 0.003 
unidentified unidentified 28.35 0.003 0.003 0.002 0.004 0.002 0.007 0.002 0.002 
17-; 15-; 13-MeC35 monomethylalkane 28.65 0.012 0.016 0.013 0.009 0.009 0.015 0.011 0.009 
7-MeC35 monomethylalkane 28.79 0.005 0.005 0.004 0.003 0.003 0.006 0.004 0.003 
11,25-; 11,23-; 11,21DiMeC35 dimethylalkane 28.93 0.018 0.025 0.022 0.01 0.012 0.026 0.014 0.011 
7,25-; 7,23-; 7,21-DiMeC35 dimethylalkane 29.09 0.037 0.042 0.039 0.034 0.036 0.038 0.026 0.019 
5,17-DiMeC35 dimethylalkane 29.21 0.023 0.028 0.033 0.02 0.022 0.03 0.017 0.014 
11,17,23-TriMeC35 trimethylalkane 29.35 0.006 0.009 0.01 0.008 0.008 0.012 0.005 0.004 
5,11,17-TriMeC35 trimethylalkane 29.52 0.007 0.01 0.01 0.011 0.009 0.02 0.008 0.006 
3,5-DiMeC35 dimethylalkane 29.73 0.001 0.002 0.002 0 0.002 0 0 0.002 
unidentified unidentified 29.84 0.001 0.003 0.002 0 0.002 0 0.002 0.001 
unidentified unidentified 29.91 0.001 0.003 0.004 0.004 0.002 0 0 0.002 
unidentified unidentified 30.07 0.001 0 0.003 0 0.002 0 0.002 0.001 
unidentified unidentified 30.16 0.002 0.008 0.004 0.002 0.003 0.006 0.002 0.002 
unidentified unidentified 30.41 0.003 0.006 0.005 0.005 0.004 0.006 0.003 0.003 
unidentified unidentified 30.72 0.001 0 0.004 0.003 0 0 0 0.001 
19-; 17-; 15-; 13-MeC37 monomethylalkane 31.22 0.002 0.005 0.003 0.003 0.001 0.005 0.002 0.002 
11,25-; 11, 23-; 11,21-DiMeC37 dimethylalkane 31.57 0.004 0.009 0 0 0.003 0.011 0 0.005 
7,23-; 7,21-; 7,19-DiMeC37 dimethylalkane 31.8 0.012 0.015 0.01 0.009 0.008 0.012 0.007 0.005 
5,17-; 5,15-DiMeC37 dimethylalkane 31.95 0.006 0.009 0.007 0.005 0.004 0.008 0.004 0.004 
unidentified unidentified 32.19 0.002 0.006 0.003 0.004 0.002 0.002 0.001 0.001 
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Substance RT I J K L M N O P 

Compound Class (min.) ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ 

C29 alkane 21.03 0.029 0.036 0.04 0.046 0.054 0.032 0.043 0.02 
13-; 11-; 9-MeC29 monomethylalkane 21.44 0.001 0.002 0.002 0.002 0.003 0.002 0.004 0.001 
7-MeC29 monomethylalkane 21.55 0.011 0.018 0.016 0.017 0.019 0.01 0.015 0.007 
5-MeC29 monomethylalkane 21.67 0.003 0.004 0.004 0.005 0.006 0.004 0.005 0.003 
?-DiMeC29 dimethylalkane 21.89 0.001 0.001 0.002 0.002 0.001 0 0.001 0.001 
3-MeC29 monomethylalkane 21.99 0.001 0.002 0.001 0.002 0.003 0.002 0.005 0.001 
?-DiMeC29 dimethylalkane 22.05 0 0.003 0.003 0.004 0.006 0.003 0.001 0.001 
C30 alkane 22.33 0.006 0.006 0.006 0.008 0.012 0.009 0.012 0.013 
7-; 5-MeC30 monomethylalkane 22.83 0.005 0.006 0.006 0.008 0.007 0.007 0.009 0.006 
9-C31en alkene 23.32 0.009 0.01 0.013 0.014 0.043 0.018 0.002 0.003 
7-C31en alkene 23.42 0.003 0.003 0.004 0.004 0.016 0.007 0.001 0.002 
C31 alkane 23.62 0.114 0.122 0.102 0.138 0.132 0.121 0.141 0.226 
7-MeC31 monomethylalkane 24.11 0.126 0.203 0.179 0.194 0.176 0.158 0.232 0.163 
5-MeC31 monomethylalkane 24.22 0.047 0.055 0.05 0.071 0.073 0.073 0.072 0.079 
7,11-DiMeC31 dimethylalkane 24.42 0.014 0.012 0.019 0.019 0 0.021 0.023 0.013 
7,23-DiMeC31 dimethylalkane 24.52 0.036 0.044 0.053 0.05 0.074 0.041 0.061 0.05 
7,x-DiMeC31 dimethylalkane 24.57 0.022 0.024 0.027 0.027 0.032 0.03 0 0 
7,9-DiMeC31 dimethylalkane 24.69 0.007 0.007 0.008 0.008 0.009 0.01 0.006 0.004 
5,25-DiMeC31 dimethylalkane 24.84 0.006 0.005 0.006 0.006 0.006 0.007 0.007 0.011 
3,7-DiMeC31 dimethylalkane 24.92 0.006 0.007 0.007 0.008 0.011 0.011 0.006 0.005 
11-Me32; monomethylalkane 25.26 0 0.006 0.002 0.006 0.006 0.005 0 0.008 
6-MeC32 monomethylalkane 25.35 0.005 0.005 0.004 0.006 0.006 0.007 0.006 0.006 
8,12,16,24-TetraMeC31 tetramethylalkane 25.47 0.006 0.004 0.005 0.005 0.001 0 0.008 0.01 
7,x,x-TriMeC32 trimethylalkane 25.68 0.002 0.001 0.001 0.003 0.003 0.002 0 0 
9-C33en alkene 25.79 0.008 0.006 0.006 0.006 0.011 0.009 0 0.002 
7-C33en alkene 25.89 0.007 0.005 0.005 0.005 0.016 0.014 0.002 0.004 
C33 alkane 26.04 0.011 0.01 0.006 0.007 0.006 0.008 0.005 0.021 
15-; 13-; 11-; 9-MeC33 monomethylalkane 26.38 0.024 0.027 0.026 0.024 0.02 0.025 0.053 0.054 
7-MeC33 monomethylalkane 26.5 0.021 0.026 0.016 0.021 0.014 0.024 0.018 0.037 
13,19-DiMeC33 dimethylalkane 26.62 0.015 0.012 0.013 0.012 0.01 0.014 0.042 0.04 
7,23-; 7,21-; 7,19-DiMeC33 dimethylalkane 26.81 0.06 0.064 0.07 0.054 0.049 0.062 0.019 0.017 
5,17-DiMeC33 dimethylalkane 27 0.047 0.04 0.048 0.042 0.041 0.048 0.032 0.028 
3,15-DiMeC33 dimethylalkane 27.26 0.018 0.015 0.016 0.014 0.014 0.018 0 0.008 
5,7,9-TriMeC33 trimethylalkane 27.58 0.006 0.005 0.012 0.004 0.004 0.008 0 0.008 
3,5-DiMeC33 dimethylalkane 27.7 0.002 0.001 0.002 0.001 0.002 0.002 0.002 0.002 
3,7,11,15-TetraMeC33 tetramethylalkane 27.8 0.006 0.005 0.007 0.004 0.004 0.006 0.007 0.017 
unidentified unidentified 27.93 0.003 0.002 0.004 0 0.002 0.003 0.002 0 
11,22-DiMeC34 dimethylalkane 28.02 0.006 0.004 0.006 0.005 0.004 0.004 0.004 0.004 
4,18-; 4,16; 4,14-DiMeC34 dimethylalkane 28.17 0.002 0.002 0.006 0.003 0.005 0.006 0.002 0.002 
unidentified unidentified 28.35 0.002 0.002 0.003 0.001 0 0 0 0.002 
17-; 15-; 13-MeC35 monomethylalkane 28.65 0.012 0.011 0.011 0.007 0.008 0.014 0.013 0.015 
7-MeC35 monomethylalkane 28.79 0.004 0.004 0.003 0.003 0.002 0.004 0.002 0.003 
11,25-; 11,23-; 11,21DiMeC35 dimethylalkane 28.93 0.02 0.018 0.02 0.011 0.012 0.019 0.028 0.022 
7,25-; 7,23-; 7,21-DiMeC35 dimethylalkane 29.09 0.038 0.038 0.034 0.024 0.018 0.034 0.009 0.007 
5,17-DiMeC35 dimethylalkane 29.21 0.029 0.027 0.024 0.016 0.014 0.024 0.013 0.013 
11,17,23-TriMeC35 trimethylalkane 29.35 0.015 0.011 0.008 0.006 0.007 0.007 0 0 
5,11,17-TriMeC35 trimethylalkane 29.52 0 0.009 0.009 0.005 0.008 0.009 0.005 0.005 
3,5-DiMeC35 dimethylalkane 29.73 0.027 0.002 0.003 0 0 0 0.002 0.002 
unidentified unidentified 29.84 0 0.003 0 0 0 0.003 0.004 0.001 
unidentified unidentified 29.91 0 0.003 0.001 0 0 0 0 0.003 
unidentified unidentified 30.07 0.01 0 0.003 0.001 0.003 0.001 0 0 
unidentified unidentified 30.16 0 0.001 0.003 0.001 0.004 0.002 0.007 0.006 
unidentified unidentified 30.41 0.006 0.004 0.008 0.002 0 0.002 0.002 0.003 
unidentified unidentified 30.72 0.004 0 0.004 0 0 0.001 0 0 
19-; 17-; 15-; 13-MeC37 monomethylalkane 31.22 0.003 0.003 0.003 0.001 0.003 0.003 0.004 0.003 
11,25-; 11, 23-; 11,21-DiMeC37 dimethylalkane 31.57 0.007 0 0 0.001 0 0.003 0 0 
7,23-; 7,21-; 7,19-DiMeC37 dimethylalkane 31.8 0.011 0.01 0.007 0.005 0.004 0.009 0.003 0.002 
5,17-; 5,15-DiMeC37 dimethylalkane 31.95 0.008 0.005 0.005 0.002 0.003 0.005 0.004 0.004 
unidentified unidentified 32.19 0.004 0.002 0.002 0 0.001 0.002 0 0 
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APPENDIX 5.4 

Bray-Curtis distances between CHC profiles of investigated Nasonia strains. Strain IDs are explained in Appendix 
5.1. 
 

 
A B C D E F G H I J K L M N O P 

 
♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ ♀ 

A ♀ 0.00 
               

B ♀ 0.05 0.00 
              

C ♀ 0.07 0.06 0.00 
             

D ♀ 0.10 0.13 0.13 0.00 
            

E ♀ 0.12 0.13 0.16 0.06 0.00 
           

F ♀ 0.12 0.15 0.16 0.12 0.11 0.00 
          

G ♀ 0.09 0.10 0.14 0.09 0.08 0.10 0.00 
         

H ♀ 0.17 0.18 0.21 0.14 0.12 0.15 0.13 0.00 
        

I ♀ 0.12 0.15 0.13 0.09 0.09 0.12 0.13 0.18 0.00 
       

J ♀ 0.07 0.09 0.09 0.11 0.10 0.11 0.09 0.18 0.09 0.00 
      

K ♀ 0.13 0.16 0.14 0.08 0.07 0.14 0.11 0.16 0.08 0.10 0.00 
     

L ♀ 0.11 0.14 0.14 0.08 0.06 0.12 0.10 0.14 0.07 0.09 0.04 0.00 
    

M ♀ 0.08 0.11 0.13 0.10 0.08 0.09 0.08 0.17 0.12 0.07 0.11 0.10 0.00 
   

N♀ 0.08 0.09 0.11 0.11 0.11 0.12 0.09 0.15 0.13 0.07 0.12 0.11 0.06 0.00 
  

O ♀ 0.20 0.19 0.18 0.21 0.20 0.18 0.21 0.23 0.19 0.17 0.19 0.19 0.18 0.17 0.00 
 

P ♀ 0.19 0.18 0.18 0.22 0.22 0.20 0.20 0.20 0.20 0.19 0.23 0.21 0.21 0.17 0.13 0.00 

 
A B C D E F G H I J K L M N O P 

 
♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ ♂ 

A ♂ 0.00 
               

B ♂ 0.09 0.00 
              

C ♂ 0.17 0.13 0.00 
             

D ♂ 0.17 0.14 0.15 0.00 
            

E ♂ 0.12 0.13 0.13 0.11 0.00 
           

F ♂ 0.11 0.10 0.15 0.17 0.14 0.00 
          

G ♂ 0.13 0.18 0.21 0.21 0.16 0.14 0.00 
         

H ♂ 0.14 0.20 0.24 0.23 0.18 0.16 0.07 0.00 
        

I ♂ 0.16 0.14 0.10 0.19 0.19 0.15 0.22 0.23 0.00 
       

J ♂ 0.08 0.09 0.12 0.15 0.11 0.10 0.10 0.13 0.14 0.00 
      

K ♂ 0.12 0.10 0.10 0.11 0.09 0.11 0.16 0.18 0.14 0.09 0.00 
     

L ♂ 0.13 0.17 0.18 0.17 0.12 0.13 0.11 0.09 0.19 0.10 0.12 0.00 
    

M ♂ 0.19 0.22 0.21 0.20 0.18 0.18 0.17 0.16 0.26 0.18 0.17 0.11 0.00 
   

N ♂ 0.12 0.13 0.13 0.15 0.13 0.13 0.15 0.16 0.14 0.10 0.11 0.12 0.15 0.00 
  

O ♂ 0.25 0.28 0.30 0.30 0.25 0.25 0.19 0.18 0.32 0.22 0.25 0.18 0.24 0.25 0.00 
 

P ♂ 0.29 0.29 0.32 0.33 0.33 0.30 0.28 0.27 0.32 0.27 0.29 0.25 0.30 0.27 0.18 0.00 
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APPENDIX 5.5 

Geographic distances between investigated European N. vitripennis strains (in latitudinal degree). Strain IDs are 
explained in Appendix 5.1.  
 

 A B C D E F G H I J K 

A 0.00 
          

B 1.00 0.00 
         

C 2.00 1.00 0.00 
        

D 9.93 9.04 8.16 0.00 
       

E 11.27 10.59 9.95 3.87 0.00 
      

F 11.58 11.37 11.23 9.21 5.96 0.00 
     

G 15.16 14.93 14.76 11.56 7.79 3.58 0.00 
    

H 21.35 20.91 20.49 14.70 11.11 10.39 7.35 0.00 
   

I 23.22 23.02 22.87 18.90 15.03 11.65 8.11 6.28 0.00 
  

J 23.45 23.22 23.02 18.71 14.86 11.87 8.29 5.52 1.00 0.00 
 

K 23.75 23.48 23.24 18.61 14.79 12.18 8.61 4.87 2.00 1.00 0.00 

                 Note: Strain “L” is left out because no GPS data is available. 
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ABSTRACT 

A major focus in speciation genetics is to identify the chromosomal regions and genes that 

reduce hybridization and gene flow. We investigated the genetic architecture of mating 

behaviour in the parasitoid wasp species pair Nasonia giraulti and Nasonia oneida that 

exhibit strong prezygotic isolation. Behavioural analysis showed that N. oneida females had 

consistently higher latency times, and broke off the mating sequence more often in the 

mounting stage when confronted with N. giraulti males compared with males of their own 

species. N. oneida males produce a lower quantity of the long-range male sex pheromone 

(4R,5S)-5-hydroxy-4-decanolide (RS-HDL). Crosses between the two species yielded hybrid 

males with various pheromone quantities and these males were used in mating trials with 

females of either species to measure female mate discrimination rates. A quantitative trait 

locus (QTL) analysis involving 475 recombinant hybrid males (F2), 2148 reciprocally 

backcrossed females (F3), and a linkage map of 52 equally spaced neutral single nucleotide 

polymorphism (SNP) markers plus SNPs in 40 candidate mating behaviour genes revealed 

four QTL for male pheromone amount, depending on partner species. Our results 

demonstrate that the RS-HDL pheromone plays a role in the mating system of N. giraulti 

and N. oneida, but also that additional communication cues are involved in mate choice. No 

QTL were found for female mate discrimination, which points at a polygenic architecture of 

female choice with strong environmental influences.  
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INTRODUCTION 

Our knowledge of the genetic basis of reproductive isolation is limited (Otte and Endler 

1989; Coyne 1992; Coyne and Orr 1998; MacDonald and Goldstein 1999; Presgraves et al. 

2003; Arbuthnott 2009; Presgraves and Glor 2010; Marie Curie SPECIATION network 2012; 

Giesbers et al. 2013). Unresolved issues include whether the initial establishment of 

reproductive isolation is due to a few genes with large effect or many genes with small 

effect, with strong selection for a few traits or weaker selection on multiple traits, and 

whether divergence relies on standing genetic variation or new mutations (Barton and Gale 

1993; Rice and Hostert 1993; Nosil 2008; Marie Curie SPECIATION network 2012). With 

over a million described species and remarkable diversity in form, insects are good models 

for investigating the mechanisms of reproductive isolation and speciation. 

        Restrictions to gene flow between species can be divided into factors that act before 

fertilization, called prezygotic isolation barriers, and those that cause postzygotic isolation 

after fertilization. Some “speciation genes” causing postzygotic isolation have been 

identified (Orr 2005; Presgraves and Glor 2010), but less is known about the genetic basis 

of traits responsible for prezygotic isolation (Arbuthnott 2009). Differences in mating 

behaviour often form primary reproductive barriers and evolve rapidly through sexual 

selection in the early stage of the speciation process (Grant and Grant 1997). Indeed, 

prezygotic isolation seems to evolve at lower levels of overall genetic divergence than 

postzygotic isolation, at least in sympatry (Coyne and Orr 1989), suggesting that sexual 

isolation can evolve quickly. Previous studies investigating the genetic architecture of 

prezygotic isolation barriers in insects have suggested a polygenic basis is common. For 

example, in a quantitative trait loci (QTL) study of two closely related cricket species, 

Laupala paranigra and L. kohalensis, Shaw et al. (2007) found that male calling song 

differences are due to many genes of small to moderate effect. Gleason and Ritchie (2004) 

reported six QTL for the differences in male courtship song interpulse interval between 

Drosophila simulans and D. sechellia. In a review of the genetic basis of female mate 

preferences and species isolation in Drosophila, Laturney and Moehring (2012) concluded 

that, although females appear to use the same traits for both within- and between-species 

mate choice, to some extent a different genetic basis appears to underlie these choices 

(see also Arbuthnott 2009). In insects, candidate genes for female choice are usually sought 

among those involved in auditory or olfactory systems or among receptors in the brain that 

process these signals. Surprisingly, very few studies have considered both male and female 

mating signals simultaneously, which is required for a full understanding of the genetic 

basis of prezygotic isolation.  

        The genus Nasonia (Hymenoptera, Pteromalidae) has been used extensively to study 

the genetics of speciation and species differences (Breeuwer and Werren 1990, 1993, 
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1995; Gadau et al. 1999, 2000, 2002; Bordenstein et al. 2000, 2001, 2003; Beukeboom and 

van den Assem 2001, 2002; Velthuis et al. 2005; Niehuis et al. 2008, 2010, 2013; Werren 

and Loehlin 2009; Loehlin et al. 2010a, 2010b; Werren et al. 2010). Nasonia (Hymenoptera, 

Pteromalidae) are 2-3 mm large parasitoid wasps that sting and lay eggs in pupae of 

cyclorhaphous flies, such as Calliphora and Protocalliphora, which are found in bird nests 

and on carcasses (Whiting 1967; Pultz and Leaf 2003; Grillenberger et al. 2008). The 

Nasonia genus contains four closely related species, which diverged 200,000 to 1 million 

years ago: N. vitripennis (Walker 1836), N. longicornis, N. giraulti (Darling and Werren 

1990), and the recently discovered N. oneida (Raychoudhury et al. 2010a). N. vitripennis 

can be found throughout the world, but the other three species only occur in North 

America, where their ranges partially overlap. The different species pairs vary in their 

degree of prezygotic and postzygotic isolation, N. giraulti and N. oneida exhibit little 

postzygotic but strong prezygotic isolation (Raychoudhury et al. 2010a; Giesbers et al. 

2013). 

        There are many advantages of Nasonia for genetic study of reproductive isolation 

barriers. One is its haplodiploid reproduction: males are haploid and develop from 

unfertilized eggs, whereas females are diploid and develop from fertilized eggs. As 

dominance effects do not exist in haploids, haplodiploidy greatly facilitates quantitative 

genetic analysis of traits in males, such as genetic linkage mapping and QTL studies (Gadau 

et al. 1999, 2002; Koevoets and Beukeboom 2009; Loehlin et al. 2010a, 2010b; Niehuis et 

al. 2011; Gadau et al. 2012). Another advantage is the feasibility of interspecific crosses in 

the laboratory. In nature, the four Nasonia species are reproductively isolated due to 

infection with species-specific strains of Wolbachia bacteria that cause cytoplasmic 

incompatibility and hybrid breakdown in interspecific crosses (Breeuwer and Werren 1990, 

1993; Bordenstein and Werren 1998; Bordenstein et al. 2001). Antibiotic (e.g., tetracycline) 

curing in the laboratory allows interspecific crosses and genetic analysis of species-specific 

traits (Breeuwer and Werren 1990, 1993; Werren and Loehlin 2009; Sharon et al. 2011). 

Other advantages of the Nasonia species complex are the availability of full genome 

sequences of the four species, and high density marker maps (Werren et al. 2010). This 

makes positional cloning of candidate genes identified with QTL studies feasible, as recently 

demonstrated for a wing size difference (Loehlin et al. 2010a, 2010b), and a pheromone 

dimorphism (Niehuis et al. 2013). 

        In the Nasonia species complex, differences in courtship behaviour and sex 

pheromones appear to be responsible for premating isolation between species. All Nasonia 

species perform a complex mating ritual that consists of a series of interactions between 

the male and female and ends with female receptivity and copulation (Whiting 1967; van 

den Assem 1986; van den Assem and Werren 1994; Beukeboom and van den Assem 2002; 
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Velthuis et al. 2005; Burton-Chellew et al. 2007). We previously found 14 QTL for male 

courtship behaviour in interspecific crosses between N. vitripennis and N. longicornis (J. 

Gadau et al. unpublished data). Velthuis et al. (2005) reported three major recessive loci for 

female mate choice between N. vitripennis and N. longicornis. Nasonia males release a 

long-range sex pheromone to attract virgin females (Ruther et al. 2007, 2008) and a 

different pheromone to induce receptivity in courted females (van den Assem et al. 1980; 

Ruther et al. 2010). Niehuis et al. (2011) identified genes for alkene biosynthesis with a high 

similarity to Drosophila in a QTL study of cuticular hydrocarbon differences between N. 

giraulti and N. vitripennis. Furthermore, Niehuis et al. (2013) showed that N. vitripennis is 

the only Nasonia species whose males biosynthesize the sex pheromone component 

(4R,5R)-5-hydroxy-4-decanolide (RR-HDL), besides (4R,5S)-5-hydroxy-4-decanolide (RS-HDL) 

and 4-methylquinazoline. By genetic mapping and gene knockdown, they narrowed down 

the genetic basis of enzymes involved in the synthesis of this pheromone component to 

three closely linked genes on chromosome 1. Finally, following Steiner et al. (2006), 

Buellesbach et al. (2013) showed that female cuticular hydrocarbon profiles are used by 

males as cues for interspecific mate discrimination. However, the genetic basis of female 

discrimination behaviour has not yet been investigated. 

        In this study, we investigate the species-specific quantitative differences of a 

component of the male sex pheromone (4R,5S)-5-hydroxy-4-decanolide and female 

preference in reciprocal interspecific crosses between N. giraulti and N. oneida. This is the 

youngest species pair in the Nasonia complex that exhibits strong assortative mating: N. 

oneida females discriminate strongly against N. giraulti males, but N. giraulti females are 

less choosy against heterospecific males (Raychoudhury et al. 2010a). We use QTL analysis 

with a SNP marker map including candidate genes to investigate the genetic architecture of 

quantitative changes in male sex pheromone and female preference. 

 

MATERIAL AND METHODS 

Experimental design and strains 

We set up reciprocal interspecific crosses between N. giraulti and N. oneida using two 

inbred Wolbachia-cured isofemale strains RV2X(u) and NONY11/36TET. RV2X(u) is 

descended from the wild type N. giraulti strain RV2, collected in Rochester, New York 

(Breeuwer and Werren 1995). NONY11/36TET is derived from N. oneida strain NONY11/36, 

collected in Brewerton, New York (Raychoudhury et al. 2010a). These are the same strains 

used for the Nasonia Genome Project (Werren et al. 2010).  

        Wasps were cultured in a climate room with constant temperature at 25°C, 16:8 h 

light/dark cycle, and 45% relative humidity. Reciprocal interspecific crosses were set up by 

mating males of one species with virgin females of the other species. F1 virgin females were 
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collected and allowed to oviposit to generate recombinant F2 hybrid haploid males. These 

males were subsequently mated to females of either of the two pure species to generate a 

F3 generation which is referred to as clonal sibships of hybrid F3 females (Figure 6.1). 

Individuals within a sibship have identical genotypes, as their hybrid fathers are 

recombinant haploids and produce identical sperm, whereas their mothers are derived 

from pure species lines that are isofemale and inbred. This experimental set-up allowed for 

repeated testing of identical genotypes and a quantitative, rather than binary, estimate of 

mate discrimination (see below).  

 

Behavioural assays  

The typical courtship behaviour of Nasonia includes several stages (van den Assem 1986; 

van den Assem and Beukeboom 2004; Clark et al. 2010). The male produces a long-range 

sex pheromone as described above to attract the female. After a latency period, the male 

recognizes the cuticular hydrocarbon profile of the female and mounts the female 

(Buellesbach et al. 2013). Subsequently, he starts his display by touching the antennae of 

the female with its own, followed by movements of the head, called “head-nods”, together 

with vibration of the wings, followed with a pause. This pattern of head-nods and pauses is 

termed a cycle, which is repeated several times. At each first head nod in a cycle, the male 

deposits an as yet unidentified short-range pheromone (aphrodisiac) on the female’s 

antennae. After a number of cycles, the female will either accept the male by lowering her 

antennae and raising her abdomen for copulation, or reject the male, who will dismount 

and terminate courtship. Successfully mated males back up on top of the female after 

copulation to perform post-copulatory courtship consisting of a few similar cycles of head-

nods and pauses with a pheromone released, and subsequently dismount.  

        Observations were performed in a climate room with constant temperature at 25°C, a 

16:8 hours light/dark cycle and 45% relative humidity. Virgin males and virgin females were 

placed individually in glass tubes (height 30 mm, diameter 10 mm) 1 day prior to the mating 

trial to allow plenty time for males to release the long-range sex pheromone as evidenced 

by white dots marked by males on the surface of the glass tubes (Steiner and Ruther 2009). 

Males and females were subsequently paired in no-choice experiments by joining the two 

glass tubes. Couples were then observed under a stereo binocular microscope until first 

copulation, or for a maximum of 10 minutes. All females and males were used only once. 
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Figure 6.1: Experimental design. Reciprocal intraspecific and interspecific crosses between Nasonia giraulti and N. 
oneida. (A) N. giraulti male × N giraulti female (B) N. giraulti male × N. oneida female (C) N. oneida male × N. 
giraulti female and (D) N. oneida male × N. oneida female. The parental interspecific cross [panel (B) and panel (C)] 
generates genetically identical F1 hybrid females that produce unique recombinant F2 hybrid male offspring of a 
50:50 genetic mixture of the two parental species. Backcrossing of F2 hybrid males to parental strain females 
yielded sibships of hybrid F3 females with a 75:25 ratio of either parental species’ genome. The haploid hybrid 
male genotype is indicated with the paternal species on top and the maternal species below. The diploid hybrid F3 
backcrossed female genotype consists of a recombined hybrid set and a pure species set, resulting in 75% genome 
of one species, and 25% of the other species on average. The diploid hybrid female genotype is indicated with the 
paternal species first followed by the maternal species. The square brackets indicate species cytoplasm, which is 
maternally inherited. Male mating behaviour and male pheromone quantity were investigated of individual F2 
hybrid males (grey shading), and female mate discrimination was investigated on clonal sibships of F3 females 
(grey shading). G, N. giraulti; O, N. oneida. 

 

        The following sequential courtship components were scored: (a) “interest”, males and 

females approached each other; (b) “cross direction”, which sex passed the border of the 

two joint glass tubes first; (c) “border cross time”, the time when the first wasp passed the 

border of the two joint glass tubes; (d) “latency time”, the time from the start of the tube 

joining until the male mounting on the female; (e) “mounting”, the male mounted on top of 

the female; (f) “arrest”, the female becomes immobile after the male’s mounting; (g) 

“display”, the male performs repeated cycles of head-nods and wing vibrations interrupted 

with pauses; (h) “attempted copulation”, the male attempts to copulate; (i) “normal 

copulation”, copulation occurs. After observation, males were frozen at -20°C for chemical 

and DNA analysis, and females were given two fly pupae as host to produce offspring. For 

each reciprocal cross, about 250 individuals were divided in two groups of 125 males to be 

crossed to either parental species females, resulting in the observation of 494 48- to 72-

hour-old F2 hybrid males. In the next generation, female mate discrimination was measured 

with the same experimental set-up. A total of 2922 24- to 48-hour-old virgin hybrid F3 

females were tested with a virgin pure male of either parental strain. Female mate 

discrimination was scored as “mate rejection”, i.e. when the male mounted the female but 

the female did not become receptive (Velthuis et al. 2005). In most cases five females were 

tested per sibship, and the mate discrimination values could take a value between 0 (all 

females within a sibship accepted their mate) and 1 (all females rejected their mate). Pairs 

in which the male did not mount the female within the 10 minutes of observation were 

discarded, resulting in a total of 2210 hybrid F3 females, of which 2148 (578 sibships) with 

genotypic information were used for QTL mapping of mate discrimination.  

 

Chemical analysis 

N. giraulti males produce a sex pheromone composed of (4R,5S)-5-hydroxy-4-decanolide 

(RS-HDL) and 4-methylquinazoline in an abdominal gland in large amounts to attract 

females (Niehuis et al. 2013; Ruther et al. 2014). To quantify the amount of RS-HDL, males 

were killed after behavioural assays by freezing them at -20°C. Pheromones were extracted 
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by immersing the male abdomen of each F2 individual in 80 μl CH2CL2 [containing 88 ng 

methyl palmitate (1.1 ng/μl) as an internal standard] in glass vials for 2 hours. After 

pheromone extraction, the abdomen was removed from the solvent, and extracts were 

stored at -20°C. Next, the solvent of the extracts was evaporated up to ~1 μl using a gentle 

stream of nitrogen. The entire residual volume was used for the chemical analysis. Gas 

Chromatography/Mass Spectrometry (GC/MS) analysis was performed with a HP 6890 gas 

chromatograph coupled with a HP 5973 Mass Selective Detector (Hewlett Packard, 

Waldbronn, Germany). The GC (split/splitless-injector in splitless mode for 1 minute, 

injected volume: 1 µl at 250°C) was equipped with a DB-5 Fused Silica capillary column (30 

m x 0.25 mm ID, df = 0.25 μm, J&W Scientific, Folsom, USA). Helium served as a carrier gas 

with a constant flow of 1 ml/min. The following temperature program was used: start 

temperature 60°C, temperature increase by 5°C per minute up to 300°C, and kept at 300°C 

for 10 minutes. The electron ionization mass spectra (EI-MS) were acquired at an ionization 

voltage of 70 eV (source temperature: 230°C). The software HP Enhanced ChemStation 

G1701AA Version A.03.00 was used for recording and analysis of chromatograms and mass 

spectra. Quantification via integrated peak areas and internal standard was performed 

using the same software.  

 

SNP marker development 

Using the Nasonia genome sequences, a total of 57 single nucleotide polymorphism (SNP) 

markers were developed with 10 cM intervals covering all five chromosomes. The available 

N. giraulti .bam file (Werren et al. 2010), and N. oneida short reads FASTA file (Human 

Genome Sequencing Center at Baylor College of Medicine), were assembled on N. 

vitripennis scaffolds Nvit_1.0 version. In order to estimate the position of the SNPs on the 

genetic map, the aligned sequences of N. giraulti and N. oneida were compared using CLC 

Genomics Workbench (CLC bio A/S) to those containing the SNP markers between N. 

giraulti and N. vitripennis developed by Niehuis et al. (2010). Following the same 

procedure, an additional 50 SNPs were identified in candidate genes that are known to be 

associated with mating behaviour, courtship song, circadian rhythm and sex pheromones 

(for details see Table S1 in Diao et al. 2016). Identification of candidate genes used 

information from Nasonia and Drosophila courtship behaviour, courtship song, circadian 

rhythm, pheromone production and pheromone detection (Gleason et al. 2005; Kankare et 

al. 2010; Niehuis et al. 2013). 

        For confirmation, all developed SNPs on chromosome 1 were checked for their 

amplification and polymorphism in N. giraulti and N. oneida. After primer design with 

Primer3, DNA was amplified by PCR with annealing temperature of 58°C, and Sanger 

sequenced on an ABI3130xl or ABI3730. Sequences were checked and validated with 
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Chromas (version 2.33, Technelysium Pty Ltd), and aligned with MEGA5 (Tamura et al. 

2011). Sequences were blasted to the N. giraulti and N. oneida scaffolds with CLC Genomics 

Workbench to verify the position of the SNP. After these initial confirmatory tests, chip 

design was performed by Illumina (San Diego, CA, USA). Only the SNPs with quality scores 

of at least 0.6 were placed on the chip, consisting of 55 background markers and 41 in 

candidate genes.   

 

SNP genotyping 

DNA was extracted from the frozen heads and thoraxes of individual F2 hybrid males, and 

the two parental couples (whole wasps) with a standard high salt chloroform protocol 

(Maniatis et al. 1982). SNP genotyping of 480 DNA samples was performed in five 96-semi-

skirt-plates, including 476 F2 hybrid males and four parental wasps, using the GoldenGate 

Genotyping assay on the Illumina BeadExpress platform of NERC Bio-molecular Analysis 

Facility (Project NBAF653) at University of Sheffield, UK. The BeadExpress raw data were 

processed using Illumina GenomeStudio (version 2011.1) to determine the sample 

genotypes, based on signal intensity (“R”) and allele frequency (the ratio of signal 

intensities for the two possible bases, “Theta”), relative to the cluster position for a given 

SNP marker.  

        The most crucial aspect of SNP analysis is to define boundaries between clusters of 

genotypes. A cluster is a group of SNPs that fall into either one of the homozygous alleles or 

the heterozygous alleles (Hoffman et al. 2012). Nasonia males, being haploid, provide a 

great advantage in this respect because they have only two homozygote (hemizygote) 

classes and therefore typically have clear clusters. Any SNP with only one cluster or low call 

frequency in a cluster was discarded (four out of 96 SNPs, three background markers and 

one in a candidate gene). In total, genotype information of 475 hybrid males with 92 well-

typed SNP markers was successfully obtained for further QTL analysis (see Table S1 in Diao 

et al. 2016).  

 

Statistical analysis 

Statistical analysis of all phenotypic data was performed with the R statistical software 

(version 3.1.2, R Development Core Team 2014). A generalized linear model (glm) was used 

to identify the effect of different factors in the F2 hybrid male crosses, including male 

genotype, female partner species, their interaction, and cross type, on all investigated 

behavioural traits and pheromone quantity. The glm for F3 females included female 

genotype, male partner species, their interaction, and cross type on female mate 

discrimination. The best statistical model was built up from a full model with all possible 

factors followed by removal of nonsignificant explanatory factors. Chi-square (χ
2
) tests were 
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used to compare the likelihood of the different models. Post hoc tests (e.g., Tukey or 

multiple comparisons) were subsequently performed to confirm the differences between 

groups. ANOVA was used to estimate the effect of partner, mother, father, grandmother, 

and grandfather species and their interactions, on all the investigated traits in hybrid 

crosses. ANOVA was also used to estimate the between- and within-sibship variance in 

hybrid female mate discrimination as a proxy for broad-sense heritability of this trait. The 

between-sibship variance is the total phenotypic variance (VP) and the within-sibship 

variance is the environmental variance (VE) as all genotypes within a sibship are identical.  

 

Genetic mapping and QTL analysis 

The R/QTL package in R (version 3.1.2) was used to identify genetic regions contributing to 

the variation in phenotypic quantitative traits (Broman and Sen 2009). A linkage map was 

generated from the genotypes of 475 F2 hybrid males with the set of 92 SNP markers. F3 

female genotypes were inferred from the genotypes of their F2 recombinant father and 

their pure species mother (isofemale line). Recombination fractions between all pairs of 

markers were estimated using the Lander-Green algorithm (Lander and Green 1987) to 

obtain precise genetic distances between markers of different linkage groups. A likelihood 

of odds (LOD) score was calculated for each individual at each marker according to Lincoln 

and Lander (1992) to correct for genotyping errors in map construction. The map did not 

deviate from the expected marker order and spacing based on the annotated genome. 

        R/QTL uses a hidden Markov model to calculate QTL genotype probabilities and effects 

given the observed marker data, with allowance for genotyping errors. All QTL scans of F2 

male traits were performed separately for both backcross types. QTL scans of F3 female 

mate discrimination were performed separately for either partner species. First, standard 

interval mapping was applied (using the “scanone” function) with a single-QTL genome 

scan with a stepsize of 1 cM, with a normal model for all phenotypic traits based on Haley-

Knott regression (Haley and Knott 1992). Permutation tests based on 10,000 permutations 

yielded 5% genome-wide LOD significance thresholds. Next, a two dimensional genome 

scan with a stepsize of 2 cM with Haley-Knott regression was performed (using the 

“scantwo” function), allowing the estimation of additive and epistatic effects by evaluating 

several types of models, (1) a full model of additive and epistatic effects, (2) an additive 

model, (3) an epistatic model, (4) a comparison between the full model and the best single-

QTL model, and (5) a comparison between the additive model and the best single-QTL 

model. Finally, a multiple-QTL model was fit with QTL identified from the one- and two-QTL 

scan (using function “fitqtl”). The fit of the two-QTL model was compared to the reduced 

model in which a single-QTL is omitted. Possible interactions between the detected QTL 

and other potential QTL in the multiple-QTL model were investigated (using the “addint” 
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and “addqtl” functions respectively). Next, a fully automated stepwise algorithm (function 

“stepwiseqtl”) optimized the penalized LOD scores (Manichaikul et al. 2009), which yielded 

the best final QTL model. Separate QTL analysis for partner species yielded partner-specific 

QTLs for some of the traits, suggesting QTL × partner interactions. To quantify this 

interaction effect, we performed additional QTL scans, which included partner as a 

covariate and the QTL × partner as an interaction covariate. 

 

RESULTS 

Phenotypic analysis 

Courtship behaviour in pure species and hybrid males 

Females were the first to walk over to the male in 75-88% of the cases, and this did not 

differ between N. giraulti and N. oneida in pure and hybrid crosses (glm, effect of females: 

χ
2 

= 1.20, P = 0.274; effect of males: χ
2 

= 5.90, P = 0.116; no interaction effect and no cross 

type effect). Border cross times also did not differ between species in pure and hybrid 

crosses (glm, effect of females: χ
2 

= 0.63, P = 0.427; effect of males: χ
2 

= 6.06, P = 0.109; no 

interaction effect and no cross type effect).  

        Latency times did not differ between the pure species crosses, but differed significantly 

in interspecific crosses and crosses with hybrid males (Figure 6.2). N. oneida females always 

had longer latency times than N. giraulti females when they have the same male partner 

species (glm, effect of females: χ
2 

= 38.22, P < 0.001; effect of males including the hybrids: 

χ
2 

= 12.22, P = 0.007; no significant interaction effect; cross type effect: χ
2 

= 48.82, P < 

0.001). Surprisingly, latency times of N. giraulti females are shorter in crosses with N. 

oneida males than in crosses with their own species males (mean ± SE; 129.7 ± 18.3 sec. vs. 

199.9 ± 22.6 sec., t-test, t87.83 = 2.42, P = 0.018). Latency times of N. oneida females are 

longer in interspecific than intraspecific crosses (mean ± SE; 284.8 ± 27.2 sec. vs. 207.5 ± 

26.5 sec., t-test, t88.76 = 2.04, P = 0.045). In crosses with hybrid males, latency times are also 

longer for N. oneida females than N. giraulti females (mean ± SE; 238.4 ± 13.6 sec. vs. 155.8 

± 9.7 sec., t-test, t312.15 = 4.99, P < 0.001) albeit with a strong male partner species effect 

(Table 6.4, ANOVA, F1,367 = 25.56, P < 0.001). These results indicate that the longer latency 

times of the interspecific crosses are reduced in the hybrid male crosses, consistent with 

the intermediate genotype of the hybrid males. 
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Figure 6.2: Latency time (mean ± SE) of pure species and hybrid males crossed with either parental species 
females. Crosses involving N. oneida females show significantly longer latency times. The genotype labeling is as in 
Figure 6.1. Sample sizes are shown within the bars. Different lower case letters indicate significant differences in 
means between crosses (glm, Tukey test, P < 0.05). 

 

        Several discrete stages in the Nasonia mating sequence are distinguished. Figure 6.3A 

shows the proportion of pairs that reach each subsequent stage for intraspecific and 

interspecific N. giraulti and N. oneida crosses. The majority of intraspecific crosses results in 

copulation, and the proportion is not very different for the two species. In interspecific 

crosses, N. giraulti females have high rates of transitions from one category to the next, 

resulting in overall higher proportions of completing the mating ritual than N. oneida, with 

copulation rates of 90.0% (N. oneida male × N. giraulti female) and 62.5% (N. giraulti male 

× N. oneida female). The main moment of interruption of the mating sequence is at the 

mounting stage similar to the intraspecific crosses. In contrast to the pure species crosses 

that are typically not interrupted after mounting, matings of N. oneida females, with N. 

giraulti males broke up during all subsequent stages. The same holds for matings with 

hybrid males which in most combinations result in lower final copulation rates than in the 

pure species crosses (Figure 6.3, A and B, see also Appendix 6.1). There is a strong female 

partner species effect (Table 6.4, ANOVA, F1,490 = 16.80, P < 0.001) and a grandfather 

species effect (Table 6.4, ANOVA, F1,490 = 5.64, P = 0.018) on copulation success in hybrid 

crosses. The mounting stage is again the most discriminatory (glm, effect of females: χ
2 

= 

15.57, P < 0.001; effect of males: χ
2 

= 8.59, P = 0.035; no significant interaction effect; cross 
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type effect: χ
2 

= 27.65, P < 0.001), with a strong female partner species effect in hybrid 

crosses (Table 6.4, ANOVA, F1,490 = 16.05, P < 0.001), but interruptions of the mating 

sequence also occur during later steps in contrast to the pure species crosses. Overall, N. 

giraulti females accept pure and hybrid males more often than do N. oneida females. 
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Figure 6.3: Mating behaviour progress in pure species females. Proportions reaching subsequent stage in the 
mating behaviour process are shown for (A) intraspecific and interspecific crosses of pure species, and (B) crosses 
of hybrid males with either parental species females. Mounting is the most discriminatory stage in both types of 
crosses, but subsequent stages of mating behaviour in the hybrid male crosses are also more often terminated. 
The genotype labeling is as in Figure 6.1. 

 

        The number of courtship cycles of a male depends on female acceptance rate and 

correlates strongly with the total courtship time (correlation coefficient, r559 = 0.520, P < 

0.001). The number of courtship cycles is consistently higher for crosses that do not result 

in copulation (mean ± SE; 3.48 ± 0.46 vs. 1.89 ± 0.06, Mann-Whitney U-test, W = 12846, P = 

0.049). Among intraspecific successful matings, the number of cycles is higher for N. giraulti 

than N. oneida (mean ± SE; 2.35 ± 0.10 vs. 1.02 ± 0.02, Mann-Whitney U-test, W = 1750, P < 

0.001, Table 6.1). Interspecific matings with N. oneida females require more cycles than 

pure crosses (mean ± SE; 1.65 ± 0.18 vs. 1.02 ± 0.02, Mann-Whitney U-test, W = 1076.5, P = 

0.001), but interspecific matings with N. giraulti females take fewer cycles than pure 

crosses (mean ± SE; 1.74 ± 0.10 vs. 2.35 ± 0.10, Mann-Whitney U-test, W = 634, P < 0.001). 

In hybrid crosses, a strong female partner species effect (Table 6.4, ANOVA, F1,490 = 10.19, P 

= 0.002) was evident on the number of courtship cycles.  

 
Table 6.1: Total number of cycles in courtship displays that led to copulations in pure species and hybrid crosses. 
G, N. giraulti; O, N. oneida; GO, F2 male from N. giraulti male × N. oneida female cross; OG, F2 male from N. oneida 
male × N. giraulti female cross. 
 

 
 

Hybrid male pheromone quantity 

N. giraulti males produce the long-range sex pheromone RS-HDL in larger quantities than N. 

oneida males (Figure 6.4A, mean ± SE; 12.35 ± 4.80 ng vs. 1.32 ± 0.54 ng, Mann-Whitney U-

test, W = 1072, P = 0.001). Hybrid males have on average intermediate pheromone levels 

with no difference between the two reciprocal crosses (mean ± SE; giraulti – oneida hybrid 

11.00 ± 1.20 ng, oneida – giraulti hybrids 11.65 ± 1.47 ng, Mann-Whitney U-test, W = 

32,602, P = 0.098), but the variation in pheromone quantities is much larger due to many 

transgressive phenotypes (Figure 6.4A). There is, however, an interaction effect between 

the two types of hybrid males and female partner species on pheromone quantity of hybrid 

males (glm, χ
2 

= 7.81, P = 0.005), suggesting that pheromone quantity affects female 

response.     
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Figure 6.4: Phenotypic and QTL mapping results of pheromone quantity. (A) Phenotypic results of pheromone 
quantities of pure and hybrid males. N. giraulti males have higher pheromone quantities than N. oneida males. 
Hybrid males show many transgressive phenotypes. There is a significant interaction effect between hybrid males 
and female partner species. Box plots show the median (thick horizontal line within the box), the 25 and 75 
percentiles (box) and 1.5 times the interquartile range of the data (thin horizontal lines). Outliers are indicated by 
an open circle. The genotype labeling is as in Figure 6.1. Sample sizes are shown within the bars. Significant 
differences between males are shown with letters on top of the panel. Note the y-axis scale break. Significant 
differences (Mann-Whitney U-test, P < 0.05) between crosses are shown with lower case letters. (B) QTL mapping 
results for male pheromone quantity. The shaded region is the 95% confidence interval for the significant QTL with 
the vertical line indicating the QTL peak location. The dashed line shows the 5% genome-wide significance level 
from permutation tests out of single-QTL genome scan. Upper and lower panel show results for males mated to N. 
oneida and N. giraulti females, respectively. Sample sizes are shown in the left upper corner and female partner 
species (backcross) in the right upper corner.     

 

        Hybrid male sex pheromone quantity has no correlation with both cross time 

(correlation coefficient, with N. oneida females, r237 = -0.095, P = 0.145; with N. giraulti 

females, r237 = -0.037, P = 0.573) and latency time (correlation coefficient, with N. oneida 

females, r165 = -0.037, P = 0.631; with N. giraulti females, r199 = -0.052, P = 0.458). No 

correlation was found between pheromone levels and number of courtship cycles 

(correlation coefficient, with N. oneida females, r165 = -0.077, P = 0.324; with N. giraulti 

females, r199= 0.054, P = 0.443). Pheromone levels did not differ between hybrid males that 

successfully mounted a N. oneida or N. giraulti female compared to nonmounted males 

(mean ± SE; 11.64 ± 2.19 ng vs. 8.96 ± 1.66 ng, Mann-Whitney U-test, W = 7446, P = 0.145 

with N. oneida females; and 12.75 ± 2.42 ng vs. 7.74 ± 1.55 ng, W = 4830, P = 0.141 with N. 
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giraulti females). However, hybrid males that copulated successfully with a N. oneida 

female had almost significantly higher pheromone levels compared to unsuccessful males 

(Figure 6.5, mean ± SE; 11.49 ± 2.10 ng vs. 9.84±1.72 ng, Mann-Whitney U-test, W = 8577, 

P = 0.051). For N. giraulti females this pattern was also evident and close to significance 

(Figure 6.5, mean ± SE; 13.61 ± 1.66 ng vs. 7.07 ± 1.72 ng, Mann-Whitney U-test, W = 6630, 

P = 0.061). This indicates that RS-HDL quantity affects female receptivity later in the mating 

process.      

 
 
Figure 6.5: Relationship between male pheromone quantities and copulation success of hybrid males. Male 
pheromone quantities significantly differ between successful and unsuccessful copulations in crosses with N. 
oneida females and almost significantly in N. giraulti females (Mann-Whitney U-test, P = 0.051 and P = 0.061, 
respectively). Box plots show the median (thick horizontal line within the box), the 25 and 75 percentiles (box) and 
1.5 times the interquartile range of the data (thin horizontal lines). Outliers are indicated by an open circle. 
Pheromone quantities up to 60 ng are shown. Numbers of extra outliers higher than 60 ng are listed on top of the 
panel. Sample sizes are shown within the bars. 

 

Hybrid female mate discrimination 

Mate discrimination is observed in interspecific crosses between pure N. oneida females 

and pure N. giraulti males (81.6% acceptance), as well as in interspecific crosses between 

hybrid F3 females whose genomic compositions were 75% of one species and 25% of the 

other species and pure N. giraulti males (65.3% and 60.5% acceptance) (Table 6.2 and 

Figure 6.6). Figure 6.7 shows the mating steps of hybrid F3 females (see also Appendix 6.1). 

The mating patterns differ according to male partner species (glm, effect of females: χ
2 

= 
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3.63, P = 0.304; effect of males: χ
2 

= 140.97, P < 0.001; no significant interaction effect; 

cross type effect: χ
2 

= 150.55, P < 0.001). Matings with N. giraulti males result in fewer 

successful copulations (708 out of 1474) than matings with N. oneida males (1012 out of 

1448). The most prominent difference with pure species crosses (Figure 6.3A) is that 

mating disruption does not occur in the mounting step, but during the display and initial 

courtship (“interest”) stages. Analysis of variance for mate discrimination among F3 females 

showed a strong partner species effect (Table 6.4, ANOVA, F1,589 = 164.69, P < 0.001). 

Crosses with a N. giraulti male partner had significantly higher between sibship variances 

than crosses with a N. oneida male partner, which suggests that among-sibship genetic 

variation underlying female mate discrimination is expressed mainly in the presence of N. 

giraulti males but not in the presence of N. oneida males (Table 6.3 and Figure 6.8).  

 
Table 6.2: Female genomic composition and their acceptance rate of the male partner. G, N. giraulti; O, N. oneida. 
 

 Alleles Percentage (%) 

Female genomic composition 
G 100 75 25 0 

O 0 25 75 100 

Male acceptance rate 
(no. male accepted  / no. pairs observed) 

G 
97.7 

(43/44) 
65.3 

(400/613) 
60.5 

(308/509) 
81.6 

(40/49) 

O 
98.2 

(54/55) 
91.8 

(561/611) 
94.6 

(451/477) 
100 

(42/42) 

 
 

 
 
Figure 6.6: Mate discrimination. (A) Female genomic compositions with the corresponding acceptance rate of their 
male partner (%), and (B) QTL mapping results for female mate discrimination. Strong mate discrimination occurs 
in interspecific crosses between pure N. oneida females and pure N. giraulti males, and in interspecific crosses 
between hybrid F3 females whose genomic compositions were 75% of one species and 25% of the other species, 
and pure N. giraulti males but not pure N. giraulti females. Number of males accepted and number of pairs 
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observed are shown in Table 6.2. The dashed line in (B) shows the 5% genome-wide significance level from 
permutation tests of the single-QTL genome scan. Upper and lower panel show results for females mated to N. 
oneida and N. giraulti males, respectively. Sample sizes are shown in the left upper corner, and species names of 
the male partner in the right upper corner. 
 

 
 
Figure 6.7: Mating behaviour progress in hybrid females. Proportions reaching subsequent stage in the mating 
behaviour process are shown for different hybrid F3 females. Failure of female arrest and male display occur more 
often in crosses with N. giraulti (dashed lines) than with N. oneida males (solid lines). The genotype labeling is as in 
Figure 6.1. 
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Figure 6.8: Mate discrimination of hybrid females used for QTL mapping. Paternal genotypes are shown below the 
four panels, and species names of the partners in the upper right corner of each panel. 
 
 
Table 6.3: Between- and within-sibship variance of mate discrimination in hybrid females used in the QTL analysis. 
G, N. giraulti; O, N. oneida; GO, F2 male from N. giraulti male × N. oneida female cross; OG, F2 male from N. oneida 
male × N. giraulti female cross. 
 

Partner Father Mother 
Offspring 
genome 

Offspring 
allelic set 

Between- 
sibship 

variance (VP) 

Within- sibship 
variance 

(VE) 

P-value 
(ANOVA) 

G GO G 75%G, 25%O GG or GO 26.031 0.129 <0.001 
F1,304 = 
31.32 

G GO O 25%G, 75%O GO or OO 12.876 0.182 <0.001 
F1,304 = 
70.59 

G OG G 75%G, 25%O GG or GO 19.38 0.16 <0.001 
F1,284 = 
121.3 

G OG O 25%G, 75%O GO or OO 4.838 0.218 <0.001 
F1,201 = 
22.18 

O GO G 75%G, 25%O GG or GO 1.108 0.074 <0.001 
F1,295 = 

15 

O GO O 25%G, 75%O GO or OO 0.132 0.056 0.127 
F1,264 = 
2.34 

O OG G 75%G, 25%O GG or GO 0.297 0.066 0.034 
F1,293 = 
4.54 

O OG O 25%G, 75%O GO or OO 0.011 0.048 0.635 
F1,198 = 
0.24 

 
 
Table 6.4: Covariate effects on all mating behaviour traits in hybrid crosses. Blank cells indicate no information 
available. √ tested, but not detected. Analysis of variance (ANOVA) was used to estimate covariate effects on all 
measured mating behaviour traits in hybrid crosses. Effect of partner, grandfather and grandmother genotype and 
their interaction were estimated for hybrid male traits. Effect of partner, father and mother genotype and their 
interaction were estimated for hybrid female traits. The factors with significant effects on the traits are marked 
with “*” (P < 0.05).  
 

Covariate 

Hybrid male traits 
Hybrid female 

traits 

cross 
direction 

cross 
time 

latency 
time 

mounting 
number of 

cycles 
copulation 

success 
male 

pheromone 

female 
mate 

discrimination 

partner 0.427 0.996 <0.001* <0.001* 0.001* <0.001* 0.545 <0.001* 

grandmother √ √ √ √ √ √ √  

grandfather 0.465 0.820 0.888 0.317 0.250 0.178 0.732  

partner:grandmother √ √ √ √ √ √ √  

partner:grandfather 0.608 0.373 0.888 0.758 0.299 0.699 0.006*  

partner:grandmother 
:grandfather 

√ √ √ √ √ √ √  

mother 
       

0.097 

father        0.527 

partner:mother 
       

0.016* 

partner:father        0.527 

mother:father 
       

0.947 

partner:mother:father 
       

0.882 
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QTL analysis 

Linkage map 

A linkage map corresponding to the five Nasonia chromosomes was constructed from the 

92 SNP markers in the N. giraulti - N. oneida hybrid cross (Figure 6.9). None of the SNPs 

showed deviation from Mendelian segregation.  

 

 
 
Figure 6.9: Linkage map of the N. giraulti-N. oneida hybrid crosses with 92 SNP markers. The five linkage groups 
correspond to the five Nasonia chromosomes. The y-axis shows recombination distance in centiMorgans. SNP 
markers with grey shading correspond to candidate genes listed in Table S1 of Diao et al. (2016). 

 

Male pheromone 

Three QTL were found at a 5% genome-wide level of significance for male pheromone 

quantity. One QTL was present on chromosome 4 in both the crosses with N. giraulti and N. 

oneida females, and this may be the same QTL as their positions overlap (Figure 6.4B). 

Another QTL was present on chromosome 1 in crosses with N. giraulti females only. The 

two-QTL scan split the QTL on chromosome 1 with N. giraulti partners into two QTL. The 

multiple-QTL scan yielded one additional QTL on chromosome 5 in crosses with N. oneida 
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females. Total variances explained out of the final model are 10.2% for the QTL on 

chromosome 4 and 5 in crosses with N. oneida females, and 14.9% for the three QTL in 

crosses with N. giraulti females (Table 6.5 and Figure 6.4B). For the QTL on chromosome 4 

and 5, hybrid males with the “G” allele of the associated marker (C4M8, C4M10 and C5M6) 

have higher pheromone levels than males with the “O” allele in both cross types, consistent 

with the larger pheromone quantities in pure N. giraulti males. The QTL on chromosome 1 

in crosses with N. giraulti females had opposed effects, i.e., higher pheromone quantity in 

crosses with N. oneida females (Table 6.5). There were significant additive effects (LOD = 

7.21, P = 0.001), but no epistatic effects (LOD = 0.90, P = 0.997).  

 
Male courtship behaviour 

Because of the strong female partner species effect on male courtship, the male courtship 

QTL analysis was performed separately for backcross type. In the F2 hybrid male crosses 

with either pure species females, the QTL scans for cross direction yielded one QTL on 

chromosome 4 for crosses with N. oneida females, explaining 6.1% of the phenotypic 

variance, but none for N. giraulti as partners (Table 6.5). No significant QTL were detected 

at 5% significance level for border cross time, latency, mounting rate and number of cycles 

as part of the courtship, even after inclusion of the significant covariate partner species. If 

we take a 20% genome-wide significance level to further obtain suggestive QTL, peaks are 

visible for latency on chromosome 1 at 108 cM (LOD = 1.32, P = 0.122); for mounting rate 

on chromosome 1 at 116 cM (LOD = 0.97, P = 0.171); and for number of cycles, on 

chromosome 4 at 35.9 cM (LOD = 1.08, P = 0.139) and on chromosome 5 at 52 cM (LOD = 

1.13, P = 0.126) (data not shown). There were two significant QTL at the 5% level for 

copulation success in crosses with N. giraulti females, one on chromosome 1 and one on 

chromosome 3, explaining 4.8% and 2.3% of the phenotypic variance, but none with N. 

oneida females. Hybrid males with the “G” allele of marker C1M2 have lower copulation 

success than males with the “O” allele, but the effect is opposite for marker C3M6 (Table 

6.5).  

 

Female mate discrimination 

The two reciprocal types of F2 hybrid males were backcrossed with either a N. giraulti or a 

N. oneida female, yielding a total of 2148 hybrid F3 females, for which mate discrimination 

was scored. Because female mate discrimination appeared to be only expressed in the 

presence of N. giraulti males, but not in the presence of N. oneida males, we performed 

QTL analysis separately for the two species of males (Figure 6.6B). As expected, we found 

suggestive QTL for female mate discrimination (chromosome 3, at 52.2 cM, LOD = 2.08, P = 

0.090) when F3 females were mated with N. giraulti males (explaining 3.3% of the 

phenotypic variance), but no QTL when mated with N. oneida males. The relatively weak 
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QTL effects detected for this trait are consistent with the fact that broad-sense heritability 

for this trait is only about 0.2. The inclusion of partner as both additive covariate and 

interactive covariate makes little difference in the QTL analysis (Figure 6.10).  

 

 
 

Figure 6.10: QTL mapping results included partner as a covariate and QTL x partner as an interaction covariate for 
female mate discrimination. Panel A shows the QTL results without covariate (yellow), with additive covariate 
(blue), and with both additive and interactive covariate (black). Panel B shows the QTL results with interactive 
covariate only. The dashed line shows the 5% genome-wide significance level from permutation tests of the single-
QTL genome scan. The dashed lines in Panel A with color yellow and blue are overlapped. 

 

Candidate genes 

Fourty candidate genes for mating behaviour were used as markers in our QTL analysis 

(Table 6.5 and Figure 6.4B). Four candidate genes on chromosome 4, protein-1-like, disco, 

lateNAy, and Ato, were associated with the QTL for cross direction in crosses with N. oneida 

females, and for pheromone quantity in both crosses with N. giraulti and N. oneida 

females. All candidate genes on chromosome 1 (e, fru, fix_nod, XP001602953, per, dNA, 

cycle, lateNAy, csp, MpK2(2), and Rhodophilin(B)) and chromosome 3 (TipE, nonA, dco, 

beethoven, headnod, and acyl-CoA) were associated with QTL for copulation success in 

crosses with N. giraulti females as this QTL spans the complete chromosome. Three 

candidate genes on chromosome 5, slo, Fmr1, and Dy(2), were associated with the QTL for 

pheromone quantity in crosses with N. oneida females. Candidate genes, e, fru, csp, 

Mpk2(2), and Rhodophilin(B), on chromosome 1 and an additional one, So(1), on 

chromosome 4 were associated with QTL for pheromone quantity in crosses with N. giraulti 

females.  
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Table 6.5: Mating behaviour and sex pheromone QTL. Significant QTL with positions, effect and explained genetic 
variance were identified with multiple-QTL regression models. SNP markers with “*” correspond to candidate 
genes listed in Table S1 of Diao et al. (2016). 
 

Trait 
Female 
crossed 

Chr. 
Position  

in cM 
(range) 

Lod 

SNP marker 
QTL effect 
(mean±SE) 

Phenotypic 
variance  

explained 
 (%) center all N. giraulti N. oneida 

Cross 
direction 

N. oneida 4 
74 

(44-108) 
3.28 C4M13 

C4M8* 
C4M9* 
C4M10* 
C4M11 
C4M12* 
C4M13 

0.66±0.04 0.87±0.04 6.1 

Copulation 
success 

N. giraulti 

1 
4 

(0-102.2) 
2.67 C1M2 

C1M1-C1M22  
(the whole 
chromosome) 

0.65±0.04 0.84±0.04 4.8 

6.7 

3 
17.9 

(0-143.7) 
1.29 C3M6 

C3M1-C3M18  
(the whole 
chromosome) 

0.80±0.04 0.68±0.04 2.3 

Pheromone 
quantity 

N. oneida 

4 
47 

(40-108) 
3.58 C4M8 

C4M7 
C4M8* 
C4M9* 
C4M10* 
C4M11 
C4M12* 
C4M13 

16.49±1.91 5.90±1.75 6.2 

10.2 

5 
28 

(0-48) 
2.24 C5M6 

C5M1 
C5M2* 
C5M3 
C5M4* 
C5M5* 
C5M6 

14.53±1.83 6.73±1.89 3.8 

N. giraulti 

1 

12 
(0-28) 

3.30 C1M3 

C1M1* 
C1M2 
C1M3 
C1M4* 
C1M5 

6.64±1.81 17.58±1.89 5.5 

14.9 
100.1 
(82.2-
102.2) 

2.82 C1M21 

C1M17* 
C1M18* 
C1M19* 
C1M20 
C1M21 
C1M22 

7.41±1.84 17.46±1.86 4.7 

4 
57.7 

(0-146.8) 
1.27 C4M10 

C4M1-C4M15 
(the whole 
chromosome) 

16.47±2.00 8.29±1.77 2.1 

 

DISCUSSION 

The goal of this study was to investigate the genetic architecture of male courtship traits 

and female preference in two recently diverged Nasonia species, N. giraulti and N. oneida, 

that exhibit strong prezygotic isolation. We performed a QTL analysis of male pheromone 

quantity, male courtship behaviour, and female choice by crossing the two species. The 

differences in mate discrimination between the two species were generally confirmed in 

our behavioural analysis. Raychoudhury et al. (2010a) showed that N. oneida females 

discriminate strongly against N. giraulti males, whereas N. giraulti females are less 
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discriminatory. We also found a stronger mate discrimination of N. oneida females in 

interspecific crosses, although N. giraulti males were not accepted at a rate as low as 20% 

reported by Raychoudhury et al. (2010a). Females were found to typically approach the 

males in our single pair crosses. N. oneida females had longer latency times than N. giraulti 

females, and these were even longer in interspecific crosses with N. giraulti males. There 

was a strong partner species effect in latency, mounting rate, number of courtship cycles 

and copulation success in the hybrid male crosses. Stronger discrimination against 

heterospecific males was further confirmed by more frequent breaking up of mating 

behaviour stages in interspecific crosses with N. oneida females, particularly in the 

mounting stage, resulting in lower overall copulation rate.  

        An important factor in the mating process is the long-range male sex pheromone 

component (4R,5S)-5-hydroxy-4-decanolide (RS-HDL), which is used to attract females from 

a distance (Ruther et al. 2007). It is produced at an almost 10-fold higher level by N. giraulti 

than N. oneida males. Although this pheromone functions to attract females, it apparently 

also affects female behaviour at later stages of the mating process, such as their willingness 

to accept the male for copulation. We used hybrid crosses to obtain males with different 

pheromone quantities and tested their mating behaviour in trials with pure species 

females. Interestingly, hybrid male pheromone quantities were sometimes higher than 

pure N. giraulti males, suggesting that pheromone production is partly disrupted 

(transgressive phenotypes) in hybrid individuals. Hybrid males with more pheromone 

quantity had significantly higher mating success with pure females of either species. Hybrid 

females were found to reject N. giraulti males more often than N. oneida males, but 

surprisingly this did not depend on their relative proportions of either species genotype. 

Interestingly, male rejections appeared to happen mostly during the display stage after 

mounting in N. giraulti but not in N. oneida, which suggest that the communication 

between the two partners is partly disrupted. As the long-range sex pheromone RS-HDL is 

considered to play a role before the mounting stage to attract females from a distance, a 

different trait may be responsible for the breaking up of the display stage. Good candidates 

are the cuticular hydrocarbon pattern (Buellesbach et al. 2013), or the short-range volatile 

pheromone that males produce in their mandibular glands, and deposit on the female’s 

antennae during male head-nods (van den Assem et al. 1980). Another possibility is male 

courtship song which differs between species (Chapter 4).  

        The role of the RS-HDL pheromone in the mating process of the various Nasonia 

species deserves further attention. N. oneida males apparently produce the RS-HDL 

component at much lower quantities than the other Nasonia species. This does not seem 

to negatively affect their acceptance by N. giraulti females, who accepted N. oneida males 

at even higher rates than their own males. In contrast, N. oneida females discriminate 
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strongly against N. giraulti males. This suggests that the RS-HDL pheromone of N. giraulti 

males functions as a repellent to N. oneida females. This explanation is consistent with 

rapid shifts in sender and receiver cues in establishing prezygotic isolation in this genus 

(Buellesbach et al. 2013; Niehuis et al. 2013). However, it leaves the question open as to 

how mate attraction occurs within the N. oneida species without the long-range male sex 

pheromone. 

        An important assumption in our pheromone analysis is that the amount of pheromone 

measured in the male abdomen after mating is representative of the amount of 

pheromone released before the courtship ritual to attract the female. Ruther et al. (2007) 

showed that the pheromone titer in the male abdomen depends on the age of the male. 

Amounts of HDL are close to zero in freshly emerged males, increase within the first 2 days 

after emergence and remain at a constant level on day 3. We consistently used virgin males 

of 2-3 days old to control for this age effect on pheromone synthesis. It is not known how 

fast pheromone release depletes the amount of pheromone present in the abdominal 

gland when a female partner is around. As males can attract many females in a row, and a 

positive correlation between abdominal pheromone level and mate acceptance was found 

in both Nasonia species, our assumption of a correlation between quantity of the long-

range male sex pheromone released and measured in the abdomen is likely valid.  

        QTL studies on hybridizing species have been informative about the underlying genetic 

architecture of interspecific mate discrimination. They have revealed a few QTL with large 

effect in some organisms though many QTL with small effects is more typically found 

(Coyne et al. 1994; True et al. 1997; Ritchie and Philips 1998; Doi et al. 2001; Takahashi et 

al. 2001; Henry et al. 2002; Shaw and Parsons 2002; Gleason and Ritchie 2004; Arbuthnott 

2009). The vast majority of examples concern Drosophila species, in which male signal traits 

are typically components of the courtship song. Many courtship song QTL have been 

identified and in some cases the underlying gene has been implicated (Gleason and Ritchie 

2004; Etges et al. 2007; Schäfer et al. 2010; Ellison et al. 2011; Lagisz et al. 2012; Chung et 

al. 2014). Much less is known about the genetic basis of female receptivity, but auditory 

and/or olfactory receptors are likely candidates (Laturney and Moehring 2012). Due to lack 

of studies covering a wider array of insect species, a consistent pattern has not yet 

emerged about the genetic architecture of courtship differences between species. A 

complicating factor is that the genetic basis is often different for intraspecific and 

interspecific matings (e.g., Gleason and Ritchie 2004; Arbuthnott 2009). Our study found 

two QTL for copulation success, and four for pheromone quantity on chromosome 1, 3, 4 

and 5 in the Nasonia oneida - giraulti species pair. Although this suggests that there may be 

some genomic regions with moderate effect involved in these traits, the resolution of our 

QTL analysis may have been limited, and QTL of minor effect may have gone undetected. 
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Pheromone synthesis depends on many enzymatic reactions (Chung and Carroll 2015), and 

may therefore be considered as a complex trait. Niehuis et al. (2013) detected two genomic 

regions, one on chromosome 1 and one on chromosome 4, involved in the production of a 

pheromone component that is specific to N. vitripennis. Whether these coincide with our 

observed QTL on chromosomes 1 and 4 requires a higher resolution QTL study. In the study 

of cuticular hydrocarbon differences between Nasonia species, Niehuis et al. (2011) 

identified at least 42 QTL. They also listed several candidate genes for cuticular 

hydrocarbon production. One of these genes is protein-1-like (LOC100118619), which 

corresponds to our C4M8 marker, and that is centrally positioned under the pheromone 

quantity QTL on chromosome 4. As pheromone quantity was correlated with mating 

success, this gene is a candidate gene for mate discrimination in Nasonia. There are also a 

number of other candidate genes on chromosome 4, including So(1), disco, lateNAy, and 

Ato, that were used as markers in our QTL study, and that correspond to the QTL peaks. 

These genes were selected for their known function in mating behaviour, courtship song, 

circadian rhythm, or pheromone production and detection (Gleason et al. 2005; Kankare et 

al. 2010; Niehuis et al. 2013; J. Gadau et al. unpublished data). More detailed functional 

analyses, such as knock down studies, are needed to establish the possible role of these 

genes in RS-HDL quantity and interspecific mate discrimination. 

        Despite the large size of the mapping population (578 sibships), no significant QTL 

were detected for female preference at the 5% significant level, although some peaks were 

visible at the 20% genome-wide significance level. The broad-sense heritability of this trait 

is 0.2, so our results are probably consistent with a polygenic basis of female interspecific 

discrimination and strong environmental effects. However, the result is in contrast with two 

other studies. Velthuis et al. (2005) found a few major QTL for heterospecific male 

acceptance in crosses between N. giraulti and N. longicornis. We found major QTL on 

chromosome 1, 2, 3 and 4 in interspecific crosses of N. giraulti and N. oneida when 

confronted with N. vitripennis males (Giesbers 2016). N. giraulti and N. oneida females 

discriminate strongly against N. vitripennis males, and this is mediated by the additional 

pheromone component, (4R,5R)-5-hydroxy-4-decanolide (RR-HDL) (Niehuis et al. 2013). 

Taken together, these results demonstrate that the genetic architecture for mate 

discrimination in the Nasonia species complex consists of loci with major effects, and loci 

with minor effects, and differs to some degree based on the species pair considered.   

        There are several possible explanations for the lack of female mate discrimination QTL 

in our study. Our experimental design did not allow for directly estimating heritability, as 

females were not mated with similar males. Comparison of the between-sibship variance 

and within-sibship variance revealed a VP of 0.2-0.3 in crosses with N. giraulti male 

partners, consistent with values obtained from a response to selection study (Giesbers 
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2016). However, no substantial VG was found in crosses with N. oneida male partners, 

which suggests that there is little genetic variation for mate discrimination in interspecific 

crosses with N. oneida. A possible explanation for our inability to detect mate 

discrimination QTL is that mate discrimination is highly polygenic and plastic, i.e., with many 

small effect loci that went undetected because of insufficient power, and whose effect is 

strongly modulated by environmental conditions. Although our experimental conditions 

were kept as constant as possible (including temperature, humidity, time of day, and wasp 

age), there may have been uncontrolled factors, such as developmental differences due to 

host quality that affect Nasonia mating behaviour.  

        Hybridization studies can be very informative about the speciation process. One major 

unresolved question concerns the kind of genetic changes that cause reproductive 

isolation. The Nasonia species complex is very suitable for genetic studies of speciation as 

different species can be intercrossed in the laboratory and confronted with heterospecific 

and hybrid (recombinant) mating partners. We have shown that male courtship behaviours 

and pheromone quantities differ between two recently diverged species and have a genetic 

basis. We also demonstrated that female interspecific mate discrimination in Nasonia is 

partly governed by these male traits, albeit in a complex way probably involving many 

genes of small effect and strong environmental effects. It is evident that the 

communication between the two sexes relies on multiple different cues, and that these 

cues partly differ in intraspecific and interspecific mating interactions. Further progress can 

be made with more detailed genomic studies and functional knockdowns of candidate 

genes in this system. 
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APPENDIX 6.1 

Number of Nasonia pairs for each distinguished mating behaviour stage as depicted in Figure 6.3 and 6.7. G = N. 
giraulti; O = N. oneida; GO = F2 male from N. giraulti male x N. oneida female cross; OG = F2 male from N. oneida 
male x N. giraulti female cross; GO-G = F3 female from GO male x N. giraulti female cross; GO-O = F3 female from 
GO male x N. oneida female cross; OG-G = F3 female from OG male x N. giraulti female cross; OG-O = F3 female 
from OG male x N. oneida female cross. 
 

 
Male Female 

Mating behaviour stages 

no interest interest mount no arrest display 
attempted 
copulation 

normal 
copulation 

Figure 6.3A 

G G 58 57 44 44 44 44 43 

G O 64 64 49 48 44 41 40 

O G 60 60 55 55 55 55 54 

O O 52 50 42 42 42 42 42 

Figure 6.3B 

GO G 123 122 105 104 103 100 98 

GO O 125 123 86 86 85 81 76 

OG G 122 121 98 82 87 85 84 

OG O 124 119 82 79 69 67 65 

Figure 6.7 

G GO-G 383 309 309 309 256 203 203 

G GO-O 377 299 299 299 236 184 183 

G OG-G 403 304 304 304 246 197 197 

G OG-O 311 210 210 210 166 125 125 

O GO-G 388 301 301 301 290 276 276 

O GO-O 354 271 271 271 263 255 255 

O OG-G 408 310 310 310 298 285 285 

O OG-O 298 206 206 206 205 197 196 
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Chapter 7 General discussion and conclusions 
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PREZYGOTIC ISOLATION 

One important question in speciation biology is how reproductive isolation barriers become 

established, which generally includes prezygotic and postzygotic isolation barriers that act 

before and after fertilization (Orr and Presgraves 2000; Presgraves 2010). Prezygotic 

isolation appears to evolve at lower levels of overall genetic divergence than postzygotic 

isolation, at least in sympatry (Coyne and Orr 1989). A reason for this may be that mating 

behaviour differences often form primary reproductive barriers and evolve rapidly through 

sexual selection in the early stage of the speciation process (Grant and Grant 1997). 

Therefore, genetics of behaviour is an important field of research for understanding the 

speciation process.  

        Our knowledge of the genetic basis of traits responsible for reproductive isolation is 

still rudimentary. Unresolved issues include whether the initial establishment of 

reproductive isolation is due to a few genes with large effect or many genes with small 

effect, with strong selection for a few traits or weaker selection on multiple traits, whether 

divergence relies on standing genetic variation or new mutations, and whether most 

genetic changes cause reproductive isolation or only appear following the speciation event 

(Barton and Gale 1993; Rice and Hostert 1993; Nosil 2008; Marie Curie SPECIATION 

network 2012). With recent genomic technologies (e.g., SNPs and candidate genes), we are 

now having more capability to explore the genomic perspective of speciation (Nosil and 

Feder 2012). Some “speciation genes” causing postzygotic isolation have been identified 

(Presgraves and Glor 2010), but less is known about the genetic basis of traits responsible 

for prezygotic isolation (Arbuthnott 2009). Insight into the genetic architecture of 

prezygotic isolation traits that drive divergence, such as mating behaviour, can provide 

information on how prezygotic reproductive isolation evolves as part of the process of 

speciation. 

        A model system for genetic study of reproductive isolation barriers is the Nasonia 

genus (Hymenoptera, Pteromalidae). Nasonia are parasitoid wasps that can be found in 

bird nests and on carcasses (Whiting 1967; Pultz and Leaf 2003; Grillenberger et al. 2008). 

The Nasonia genus consists of four closely related species, of which three species occur 

only in North America (including N. longicornis, N. giraulti and the more recently discovered 

N. oneida) and one cosmopolitan species (N. vitripennis) (Walker 1836; Darling and Werren 

1990; Raychoudhury et al. 2010a). The four species differ in degrees of prezygotic and 

postzygotic isolation (Raychoudhury et al. 2010a; Giesbers et al. 2013). Differences in 

mating behaviour and chemical communication signals appear to play a role in premating 

isolation between Nasonia species. The Nasonia male releases sex pheromones, performs 

courtship behaviours and produces sounds by vibrating its wings to induce female 

receptivity and copulation (van den Assem et al. 1980; van den Assem 1986; Ruther et al. 
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2007, 2008; Clark et al. 2010; this thesis). How these different traits are involved in 

prezygotic isolation of species pairs is however not yet clear. 

        In this thesis, I investigated phenotypic variation in traits that appear to be involved in 

prezygotic reproductive isolation in the genus Nasonia. I focused on mating behaviour 

(including courtship behaviour and courtship song) and chemical communication signals 

(including sex pheromones and cuticular hydrocarbons). I asked the following questions: 

What is the variation in potential prezygotic isolation traits within and between species? Is 

there any geographical pattern in those traits within a species? To obtain a better 

understanding of the genetic basis of mating behaviour and sex pheromones, that are 

suggested to play a role in establishing prezygotic isolation between the Nasonia species, I 

performed a QTL study combined with SNPs markers in candidate genes. The knowledge 

obtained of the phenotypic variation and the genetic basis of reproductive isolation in this 

model system contributes to more insight in the speciation process. 

 

MATING SIGNALS IN PREZYGOTIC ISOLATION 

Mating behaviour 

Courtship behaviour is known to play a pivotal role in the onset of population divergence 

leading to premating reproductive isolation between species as part of the process of 

speciation (e.g., Williams et al. 2001; Hoikkala et al. 2005; Arbuthnott 2009). Male 

courtship and mating behaviour of three of the Nasonia species, N. vitripennis, N. 

longicornis and N. giraulti, have been well described (Cousin 1933; Barrass 1960a, 1960b, 

1961; Whiting 1967; van den Assem 1986; van den Assem and Werren 1994; van den 

Assem and Beukeboom 2004; Peire Morais 2007), but not for the recently discovered 

species N. oneida. Courtship displays of these three species are sufficiently diverse to be 

diagnostic at the species level, both on qualitative differences (species-characteristic motor 

patterns) and quantitative differences (number and/or duration of similar elements) (van 

den Assem and Beukeboom 2004). To complete the inventory in the Nasonia genus, I 

described the male courtship and mating behaviour of the youngest species in this genus, N. 

oneida, and compared it to the other three Nasonia species (Chapter 2). I found that N. 

oneida displays the same basic courtship and mating behaviour pattern as the other three 

Nasonia species, but it can also be recognized by its species-specific characteristics with 

more resemblance to N. giraulti than the other species. This result is consistent with the 

divergence time between the species within the Nasonia genus (Campbell et al. 1993; 

Raychoudhury et al. 2010a).  

        N. oneida is considered a separate species based on its strong behavioural isolation 

from the other Nasonia species (Raychoudhury et al. 2010a). In particular, N. oneida 

females discriminate strongly against N. giraulti males, whereas N. giraulti females are less 
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discriminatory towards N. oneida males (Raychoudhury et al. 2010a; Giesbers et al. 2013; 

Chapter 6, this thesis). There is little or no postzygotic isolation between N. oneida and N. 

giraulti (Raychoudhury et al. 2010a). As N. oneida is sympatric with N. vitripennis and N. 

giraulti in its native range in New York State (Raychoudhury et al. 2010a), this high level of 

mate discrimination probably has a role in maintaining genetic integrity of the species in 

nature. The N. giraulti – N. oneida species pair is therefore a very good combination for 

research into the underlying genetic basis of prezygotic isolation. 

 

Male courtship song 

Another behavioural factor that can play an important role in insect communication and 

the mating ritual is the male courtship song. Courtship song as an acoustic component has 

been shown to be an important part of male courtship display and mate choice in many 

species, such as crickets and Drosophila (e.g., Kyriacou et al. 1990; Ritchie and Kyriacou 

1994; Ritchie et al. 1999; Montealegre-Z et al. 2011; Debelle et al. 2014). Courtship songs in 

Drosophila have been extensively analysed (e.g., Cowling and Burnet 1981; Robertson 

1983; Cobb et al. 1989; Ritchie and Kyriacou 1994). For instance, some species of 

Drosophila were shown to produce two types of song, which are pulse song and sine song 

(Shorey 1962; von Schilcher 1976). Courtship song differences were reported to contribute 

to reproductive isolation between species in Drosophila. For instance, Ritchie et al. (1999) 

found that females mated most quickly when stimulated by song typical of their own 

species. Some of the song parameters were shown to be important for species recognition 

in Drosophila montana, such as inter-pulse interval (Ritchie et al. 1998), and song cycles 

were claimed to be important for mate discrimination (Kyriacou and Hall 1980, 1989; 

Crossley 1988; Ewing 1988; Ritchie et al. 1999). Like Drosophila, male Nasonia also produce 

sounds during courtship by vibrating their wings (van den Assem and Putters 1980; van den 

Assem and Beukeboom 2004). Previous studies have described the courtship song of N. 

vitripennis in some detail (van den Assem and Putters 1980), but no studies have been 

done on the other three Nasonia species.  

        I provided detailed descriptions of male courtship song for all four Nasonia species 

(Chapter 4). My results indicated that all Nasonia species share a clear hum song that is 

comparable to the sine song of some Drosophila species, but it lacks the pulse song of 

Drosophila. Hence, song parameters used to describe the pulse song in Drosophila, such as 

the number of pulses and interpulse-interval (Lagisz et al. 2012), are not relevant to 

Nasonia. The male courtship songs of the four Nasonia species are similar in general 

structure with song bouts consisting of a series of bursts interrupted by pauses, but they 

differ on specific aspects including duration and number of bursts, pause duration between 

bursts and frequency (Chapter 4). Additionally, my results revealed that the overall song 



General discussion and conclusions | 

  133 

patterns of Nasonia can be linked to their behavioural courtship components. For instance, 

the song bout is synchronous with one behavioural cycle, consisting of a series of headnods 

followed by a pause in male courtship display (van den Assem 1986; van den Assem and 

Beukeboom 2004). The species-specific quantitative differences in song characteristics of 

Nasonia (Chapter 4) are analogous to the differences in behavioural components of 

courtship between the species (Chapter 2). Although I have found male courtship song 

differences in the four Nasonia species, we do not yet know the genetic basis of song 

differences between the Nasonia species and how important the song differences are for 

inducing female receptivity in Nasonia. Further experimentation, such as Quantitative Trait 

Locus (QTL) analysis and experimentally manipulating song patterns (e.g., silenced males 

with playback song) is required to test whether song differences play a major role in sexual 

isolation between the species. 

        Wing size can have an effect on courtship song production in Drosophila (Ewing and 

Bennet-Clark 1968; Hoikkala and Aspi 1993). In Nasonia, van den Assem and Putters (1980) 

have investigated the role of wing size on song frequency in N. vitripennis, and found no 

effect. My results (Chapter 4) showed that Nasonia species with smaller wings (N. 

vitripennis and N. longicornis) had less structured courtship song than species with larger 

wings (N. giraulti and N. oneida). Nasonia species with shorter wings produced shorter 

burst length, shorter pause duration between bursts/burst series, higher number of bursts 

per bout, and different song frequency. Therefore, wing size could be one of the factors 

that affect male courtship song differences between Nasonia species. Further investigation 

is needed about the significance of wing morphology on courtship song in the Nasonia 

genus. This could, for instance, be done by experimental removal of the wings, or by gluing 

them together. As the genetic architecture of wing morphology is well known in Nasonia 

(Loehlin et al. 2010a, 2010b) another possibility may be to introgress wing genes from one 

species to another.  

 

Chemical signals - sex pheromones and cuticular hydrocarbons 

We also need to understand chemical communication signals, which are probably the 

oldest means of communication in insects, and might be involved in prezygotic isolation as 

well. There are two general classes of chemical signals, one is volatile pheromones such as 

sex pheromones, and the other is non-volatile pheromones such as cuticuclar hydrocarbons 

(CHCs). Sex pheromones are often produced by one of the two sexes as a specific odour 

that is recognized by the other sex leading to attraction and copulation between the 

partners. CHCs are present on the body surface of insects. They can serve multiple 

functions, such as protection against desiccation, a barrier against microbial infection, 

species recognition cues, and can also act as chemical cues in mate choice (Suvanto et al. 
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2000; Dietemann et al. 2003; Steiner et al. 2006; Buellesbach et al. 2013; Wurdack et al. 

2015). CHCs can only function as sex pheromones when they show sexual dimorphism 

allowing for recognition of conspecifics or mating partners. In Nasonia, the male produces a 

long-range sex pheromone from a gland in its abdomen to attract the female from a 

distance (van den Assem et al. 1980; Ruther et al. 2007, 2008). This pheromone likely plays 

a role in the duration of the latency time (i.e., the time from introducing a male to a female 

and the moment of the male mounting the female) (Diao et al. 2016; Chapter 6, this thesis). 

After a latency period, the male recognizes the cuticular hydrocarbon profile of the female 

and mounts the female (Buellesbach et al. 2013) to start his courtship display. During his 

display, the male deposits an as yet unidentified short-range pheromone (aphrodisiac) by 

mandible contact with the female’s antennae to induce receptivity in courted females (van 

den Assem et al. 1980; Ruther et al. 2010).  

        Two long-range sex pheromones can be produced by N. longicornis, N. giraulti and N. 

oneida males:  RS-HDL ((4R,5S)-5-hydroxy-4-decanolide) and 4-methylquinazoline (Niehuis 

et al. 2013; Diao et al. 2016). N. giraulti males were found to produce large amounts of RS-

HDL and 4-methylquinazoline (Niehuis et al. 2013; Ruther et al. 2014; Diao et al. 2016; 

Chapter 6, this thesis). I further found that N. oneida males produce the RS-HDL at an 

almost 10-fold lower level than N. giraulti males (Chapter 6). This difference in sex 

pheromone quantity of N. giraulti and N. oneida (Chapter 6) raises an interesting question: 

how does mate attraction occur within the N. oneida species without the long-range male 

sex pheromone RS-HDL? It seems that the lower quantity of RS-HDL in N. oneida does not 

negatively affect their acceptance by N. giraulti females. In contrast, the high quantity of 

RS-HDL in N. giraulti males appears to function as a repellent to N. oneida females. This 

explanation is consistent with rapid shifts in sender and receiver cues in establishing 

prezygotic isolation in this genus (Buellesbach et al. 2013; Niehuis et al. 2013). The role of 

the RS-HDL pheromone in the mating process of the various Nasonia species deserves 

further attention. 

        CHCs are long-chain molecules that are synthesized in specialized cells and 

subsequently transported to the cuticle of an arthropod, which mainly consist of three 

substance classes: alkanes, alkenes, and methyl-branched alkanes. Genes for alkene 

biosynthesis have been identified in a QTL study of CHC differences between N. giraulti and 

N. vitripennis, with a high similarity to Drosophila (Niehuis et al. 2011). CHCs appear to 

perform different functions in females and males regarding prezygotic isolation. Strong 

divergence in Nasonia CHC profiles between species and sexes have been found (Carlson et 

al. 1999; Raychoudhury et al. 2010a; Buellesbach et al. 2013; Chapter 5, this thesis). Female 

CHCs normally act as close-range sex pheromones (Steiner et al. 2006), and are used for 

species and mate recognition by males, with the exception of N. giraulti where it appears 
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that the pheromonal function has been lost (Buellesbach et al. 2013). For male CHCs, no 

sexual signalling function could be found so far (Steiner et al. 2006; Buellesbach et al. 2013; 

Giesbers et al. 2013). It appears likely that the sex pheromone function of female CHCs is 

an ancestral state in the Nasonia genus. Divergent selection for mate signals is therefore 

expected to be less strong for females than males, and female CHC adaptation to 

geoclimatic factors may be less constrained by sexual selection.   

        Additionally, it has been known that CHCs are not invariant and static traits, but can co-

vary with environmental and geoclimatic factors (Ingleby 2015). The effect of 

environmental factors on CHCs has been shown in several species, e.g., beetles (Toolson 

and Hadley 1979), grasshoppers (Rourke 2000), Drosophila (Rouault et al. 2000) and ants 

(Menzel et al. 2017). However, information on the evolutionary impact and possible 

adaptive significance of geoclimatic factors on intraspecific CHC composition is still scarce 

(Rouault et al. 2000). No study so far has considered a potential influence of geoclimatic 

factors on intraspecific CHC composition in Nasonia. In this thesis, I made a first step 

towards identifying geoclimatic effects on intraspecific CHCs composition in the Nasonia 

genus (Chapter 5). I performed gas chromatography/mass spectrometry (GC/MS) analyses 

to describe CHC profiles from seven European sample localizations and climatic data 

obtained from publically available databases. I correlated different CHC compound classes 

(including alkanes, alkenes, monomethyl-alkanes, dimethyl-alkanes, and trimethyl-alkanes) 

with several geoclimatic factors (latitude, mean temperature, temperature range, humidity 

and precipitation). I focused on alkanes relative to the other compound classes as alkanes 

are known to be the most important substance class for hydrocarbon layer hardening 

(Gibbs and Pomonis 1995; Gibbs 1998, 2002). My results revealed significant correlations 

between the CHC ratio (alkanes - monomethyl-alkanes) / (alkanes + monomethyl-alkanes) 

with latitude, mean temperature, and temperature range among females; and also 

between CHC ratios in females, but not in males, with mean annual precipitation rates 

(Chapter 5). This indicated that geoclimatic factors, in particular latitude, temperature and 

precipitation, do affect CHC composition in Nasonia. I concluded that female CHCs are 

more conducive to environmental influences than male CHCs (Chapter 5). 

        Selective pressures exerted by geoclimatic factors have been hypothesized to influence 

biosynthesis and genetic background of CHC compounds (Rouault et al. 2000, 2004; Frentiu 

and Chenoweth 2010). For instance, increase of the hardening of the CHC profile can better 

protect against dessication, which is suggested to be the ancestral function of CHCs in 

insects (Gibbs 2002). CHCs with better protection against desiccation are therefore 

expected to be produced in warmer and dryer climates. There are several ways to improve 

the hardening of the CHC profiles. One is to increase the chain-length of compounds even 

within one substance class, as reported by Rouault et al. (2000). My study showed an 
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increase of alkanes compared with other substance classes as an alternative way to 

increase the hardening of CHC profiles (Chapter 5). The results of Rouault et al. (2000), 

Frentiu and Chenoweth (2010), and my study (Chapter 5) are consistent with a selective 

role of latitude, mean temperature and temperature range. It is very interesting that I also 

found a positive correlation between yearly precipitation and the ratios of alkanes to all 

other tested substance classes. This is however not in line with the expectation to have a 

better protection against dessication in regions with lower precipitation and is opposite to 

the findings of Menzel et al. (2017). In addition, due to their physiological properties and 

water-proofing capabilities, CHCs appear to be particularly affected by humidity (Gibbs and 

Pomonis 1995, Gibbs 1998; Frentiu and Chenoweth 2010). However, I did not find 

significant correlations between CHC compostion and humidity (Chapter 5), nor did Menzel 

et al. (2017). Overall, environmental factors seem to play a role in the evolution of CHCs in 

Nasonia. 

 

Intraspecific geographic variation of mating signals 

We also need a better understanding of local variation in mating signals within and among 

populations of a species, as this may point towards traits that are also involved in 

interspecific mate discrimination. This can also offer unique insights into the interplay 

between genes and the environment in the ontogeny of population differences (Miller et al. 

1998; Bordenstein et al. 2000; Lachlan and Servedio 2004). Due to its wide geographical 

distribution, intraspecific geographical variation can be investigated in the Nasonia genus. 

For instance, intraspecific variation was reported in sexual isolation within and between 

two species of Nasonia, N. vitripennis and N. longicornis (Bordenstein et al. 2000), but the 

causes for this variation remained unknown. As geographical variation in mating behaviour 

and chemical signals of Nasonia remained to be investigated, I looked for latitudinal 

geographical differences of mating behaviour and chemical signals in N. vitripennis. 

Samples were collected at seven sites in Europe along a latitudinal cline from Corsica (42°N) 

to Northern Finland Oulu (65°N) with a distance between localities of 4-5 latitudinal 

degrees (Chapter 3). I performed several parallel studies with the same wasp populations 

to record male courtship behaviour courtship song, and female and male CHCs. My results 

revealed intraspecific quantitative differences between populations/strains in the number 

and duration of elements in male courtship components (Chapter 3), male courtship song 

patterns such as song bursts, pause durations and frequency (Chapter 4), and female and 

male CHC profiles (Chapter 5). Despite this, no difference in intra-population versus inter-

population mate discrimination in terms of copulation success was evident (Chapter 3), 

suggesting that N. vitripennis in Europe can be considered as a single, rather 

undifferentiated, species. My results are in line with Paolucci et al. (2013) who found little 
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genetic differentiation (FST values) between these same populations. Raychoudhury et al. 

(2010b) also reported low genetic variation in N. vitripennis throughout Europe. Overall, 

European N. vitripennis populations appear to be large enough to prevent significant 

differentiation by drift, and gene flow between subpopulations appears to be sufficient to 

prevent the build-up of reproductive isolation. Notably, I observed that the Turku 

populations differed somewhat stronger in male courtship behaviour (Chapter 3), female 

CHCs (Chapter 5), and song frequency (Chapter 4) than the other populations. The same 

Turku strains were found to differ more in photoperiodic diapause induction (Paolucci et al. 

2013) and genetic marker composition (Paolucci 2014), which make these populations 

good candidates for further genetic studies of reproductive isolation. 

        I found modest but significant linear relations with latitude for some of the male 

courtship components (e.g., courtship initiation speed, latency time and headnod numbers 

in the first and second cycle within a courtship bout) (Chapter 3) and song patterns (e.g., 

burst length, pause duration between two bursts, and song frequency) (Chapter 4). These 

geographic patterns in courtship behaviour and courtship song may be coincidence, but are 

also consistent with our expectation that the environment exerts selection on some of the 

genes that underlie mating behaviour, in particular when these genes have pleitropic 

effects on other traits. For example, the clock genes period was found to show a latitudinal 

cline in allelic composition (Paolucci et al. 2016). Clock genes are known to affect mating 

behaviour in insects (Ceriani et al. 2002; Reppert and Weaver 2002; Stoleru et al. 2004; 

Sandrelli et al. 2008; Allada et al. 2010; Stern 2014), such as courtship pulse song in 

Drosophila (Kyriacou et al. 2017). Of course, at this point the link between clock genes and 

behaviour is still speculative, and more detailed functional studies are needed such as, for 

example, by silencing these genes with RNAi or CRISPR/Cas9 genome editing. No clear clinal 

pattern was observed in the full CHC profiles of females and males (Chapter 5). However, 

significant correlations were found in females, but not males, between some CHC ratios 

(e.g. alkanes - monomethyl-alkanes) / (alkanes + monomethyl-alkanes) with latitude and 

several climatic factors, such as mean temperature and temperature range among females 

(Chapter 5). Similar to clock genes, CHC components may be selected for adaptation to 

photoperiodic conditions depending on latitude and also affect aspects of courtship 

behaviour. Thus, the genetic architecture of prezygotic reproductive isolation in the 

Nasonia genus is potentially complex and subject to multiple and opposing selection 

pressures. 

 

GENETIC BASIS OF MATING SIGNALS IN NASONIA 

Our knowledge of the genetic basis of reproductive isolation is still limited (Arbuthnott 

2009; Presgraves and Glor 2010; Marie Curie SPECIATION network 2012; Giesbers et al. 
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2013). One major focus in reproductive isolation is to identify the chromosomal regions and 

genes that reduce hybridization and gene flow. Insects such as Nasonia are a good model 

for investigating the reproductive isolation mechanisms. In Nasonia, differences in 

courtship behaviour and sex pheromones appear to be responsible for premating isolation 

between species. 

        Several studies on Nasonia have identified chromosomal regions associated with male 

courtship components and female mate discrimination (Velthuis et al. 2005; Peire Morais 

2007; Niehuis et al. 2011; Gadau et al. 2012; Diao et al. 2016; Giesbers 2016). Fourteen QTL 

for male courtship behaviour in interspecific crosses between N. vitripennis and N. 

longicornis were found (J. Gadau et al. unpublished data). Velthuis et al. (2005) reported 

three major recessive loci for female mate choice between N. vitripennis and N. longicornis. 

Major QTL on chromosome 1, 2, 3 and 4 were found in interspecific crosses of N. giraulti 

and N. oneida when confronted with N. vitripennis males (Giesbers 2016). In addition, 

Niehuis et al. (2013) has narrowed down the genetic basis of production of the extra 

pheromone component RR-HDL in N. vitripennis to two genomic regions, one on 

chromosome 1 and one on chromosome 4. However, the underlying genes of mating 

behaviour and the genetic basis of pheromone quantity of RS-HDL have not yet been 

identified, despite the availability of full genome sequences of all Nasonia species (Werren 

et al. 2010).  

        In my QTL analysis (Chapter 6), I performed reciprocal interspecific crosses between 

the N. giraulti - N. oneida species pair combined with SNP markers in candidate genes 

aiming to determine simultaneously the genetic architecture of quantitative differences in 

male courtship behaviour, female preference and the long-range male sex pheromone RS-

HDL. My results indicated that the RS-HDL quantity affects female receptivity in the mating 

process (Chapter 6). For male courtship components, I detected one QTL for cross direction 

(i.e., which sex passed the border of the two joint glass tubes first) on chromosome 4 in 

crosses with N. oneida females, two QTLs for copulation success on chromosome 1 and 3 in 

crosses with N. giraulti females, but no QTL for other components of male courtship, such 

as number of cycles (Chapter 6). I detected four QTL for male pheromone quantity in 

Nasonia: one QTL on chromosome 4 in both the crosses with N. giraulti and N. oneida 

females, and this may be the same QTL as their positions overlap; another QTL on 

chromosome 1 in crosses with N. giraulti females only; one additional QTL on chromosome 

5 is yielded in crosses with N. oneida females (Chapter 6). Whether our observed QTL of RS-

HDL pheromone quantity on chromosomes 1 and 4 coincide with QTL of RR-HDL 

pheromone quality reported by Niehuis et al. (2013) requires a higher resolution QTL study.  

        Despite the large size of the mapping population, no significant QTLs were found for 

female preference in my study (Chapter 6), which points at a polygenic architecture of 
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female interspecific discrimination (i.e., with many small effect loci that went undetected 

because of insufficient power) with strong environmental influences. My results together 

with other studies on QTL in female mate discrimination (Velthuis et al. 2005; Giesbers 

2016) demonstrated that the genetic architecture for mate discrimination in the Nasonia 

species complex consists of loci with major effects, and loci with minor effects, and differs 

to some degree based on the species pair considered.  

        Candidate genes known from mating behavior studies in Drosophila, such as protein-1-

like, disco, lateNAy, and Ato on chromosome 4 were associated with the QTL for cross 

direction, and e, fru, fix_nod, XP001602953, per, dNA, cycle, lateNAy, csp, MpK2(2), and 

Rhodophilin(B) on chromosome 1, and TipE, nonA, dco, beethoven, headnod, and acyl-CoA 

on chromosome 3 are associated with the QTL for copulation success (Chapter 6). 

Candidate genes, e, fru, csp, Mpk2(2), and Rhodophilin(B) on chromosome 1, protein-1-like, 

disco, lateNAy, Ato, and So(1) on chromosome 4, and slo, Fmr1, and Dy(2) on chromosome 

5 are found to associate with QTL for RS-HDL pheromone quantity (Chapter 6). As 

pheromone quantity was shown to correlate with mating success, these genes are also 

candidate genes for mate discrimination in Nasonia. To further determine the possible role 

of the candidate genes in male courtship behaviour, RS-HDL quantity, and interspecific 

mate discrimination, more detailed functional analyses are needed, such as gene knock 

down studies.      

              

CONCLUSIONS 

For many years we have known that prezygotic isolation appears to evolve faster and at 

lower levels of overall genetic divergence than postzygotic isolation. Nevertheless, the 

genetic architecture of prezygotic reproductive isolation appears to be complex and subject 

to multiple and opposing selection pressures. The Nasonia genus is very suitable for studies 

of speciation, especially for the genetic changes that cause prezygotic reproductive 

isolation. Both inter- and intra-species variations exist in several mating signals in Nasonia, 

including male courtship behaviour, male courtship song, sex pheromone quantity and 

cuticular hydrocarbon composition, as described in this thesis. None of these mating signals, 

however, seem to act as efficient mating barriers by themselves, but together they cause 

different levels of prezygotic isolation between species pairs. Further functional 

investigations of these various traits are required to determine their exact role in sexual 

isolation. QTL studies on hybridizing species have been very informative about the 

underlying genetic architecture of the speciation process. Male courtship behaviour and 

pheromone quantity were demonstrated to have a genetic basis, and female interspecific 

mate discrimination is partly governed by these male traits, although in a complex way 

probably involving many genes of small effect and strong environmental effects. For further 
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progress in the understanding of the genetics of prezygotic reproductive isolation, more 

detailed genomic studies and functional knockdowns of candidate genes can be made 

within this model system. 
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SUMMARY 

The establishment of reproductive isolation is a crucial step in the evolution of new species. 

Populations can become separated by prezygotic barriers that act before fertilization 

and/or postzygotic isolation barriers that act after fertilization. Our knowledge about the 

genetic basis of traits responsible for reproductive isolation is still very limited. Thanks to 

recent developments in genomic technologies we can start to explore the genomic basis of 

speciation.  

        This thesis focuses on the genetic architecture of traits that are suggested to play a 

role in establishing prezygotic reproductive isolation in the species complex of Nasonia 

wasps. The Nasonia genus (Hymenoptera, Pteromalidae) has become a model system in 

evolutionary biology. It consists of four closely related species, of which three occur only in 

North America (N. longicornis, N. giraulti and the more recently discovered N. oneida) and 

one is cosmopolitan (N. vitripennis). The four species differ in mating behaviour (male 

courtship and courtship song) and chemical communication signals (cuticular hydrocarbons 

(CHCs) and sex pheromones). I investigated the genetic basis of these mating signals by 

making use of the Nasonia genetic toolbox and the ability to perform crosses between 

species. 

        To investigate interspecific variation in prezygotic isolation in Nasonia, I first studied 

courtship behaviour of N. oneida in Chapter 2. N. oneida is the youngest species in the 

Nasonia genus, and its courtship behaviour had not yet been described. My results 

demonstrated that N. oneida can also be recognized by its species-specific courtship 

characteristics, like the other Nasonia species, and that its courtship behaviour mostly 

resembles N. giraulti, the species to which it is most closely related. The work also revealed 

strong behavioural isolation with some of the other Nasonia species. This species was 

therefore very suitable for use in further experiments aimed at identifying the genetic basis 

of prezygotic reproductive isolation (Chapter 6). 

        In Chapter 4, I for the first time provided detailed descriptions of male courtship song 

for all four Nasonia species. My results indicated that males of all Nasonia species produce 

songs by wing vibration as part of their courtship display. They share a clear hum song that 

is similar to the sine song in Drosophila, but they do not have a pulse song as Drosophila. 

The songs of the four species are similar in general structure, but differ in specific song 

characteristics, such as duration and number of bursts, pause duration between bursts and 

frequency. Additionally, my results revealed that the overall song patterns of Nasonia can 

be linked to their behavioural courtship components and that the species-specific 

quantitative differences in song characteristics (Chapter 4) are analogous to the differences 

in behavioural components of courtship between the species (Chapter 2). 
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        To look for within species variation in mating signals, I studied mating behaviour and 

chemical signals in N. vitripennis populations collected at seven sites in Europe along a 

latitudinal cline from Southern Italy to Northern Finland. My results, presented in Chapters 

3-5, revealed clear intraspecific quantitative differences in male courtship components (e.g., 

number and duration of elements), courtship song patterns (e.g., song bursts, pause 

durations and frequency), and female and male CHC profiles among European N. vitripennis 

populations. Despite this, no difference in intra-population versus inter-population mate 

discrimination in terms of copulation success was evident, suggesting that N. vitripennis in 

Europe can be considered as a single, rather undifferentiated, species with sufficient gene 

flow between subpopulations to prevent the build-up of reproductive isolation. 

        A correlation analysis of mating behaviour and chemical signals with latitude in these 

seven N. vitripennis populations revealed modest but significant effects of latitude on some 

of the male courtship components (e.g., courtship initiation speed, latency time and 

headnod numbers in the first and second cycle within a courtship bout) and song patterns 

(e.g., burst length, pause duration between two bursts, and song frequency) (Chapters 3-5). 

No clear clinal pattern was observed in the full CHC profiles of females and males. However, 

upon using ratios of CHC substance classes, including alkanes, alkenes, monomethyl-

alkanes, dimethyl-alkanes, and trimethyl-alkanes, correlations were evident in females, but 

not males, with latitude, mean temperature, temperature range, humidity and 

precipitation. These results indicated that geoclimatic factors have an impact on female 

CHC compositions in N. vitripennis. 

        In Chapter 5 and 6, I investigated phenotypic interspecific variation in two classes of 

chemical signals, non-volatile cuticular hydrocarbons (CHCs) and volatile sex pheromones. 

CHCs were found to be species- and sex-specific in N. vitripennis, N. giraulti and N. 

longicornis. Interestingly, N. oneida males produced the long-range male sex pheromone 

RS-HDL at an almost 10-fold lower level than N. giraulti males. This led me to use this 

species in an interspecific cross with N. giraulti to investigate the genetic basis of 

pheromone production, male courtship behaviour, and female preference. I used reciprocal 

interspecific crosses between the N. giraulti - N. oneida, that exhibit strong prezygotic 

isolation, for a Quantitative Trait Locus (QTL) study that used single nucleotide 

polymorphism (SNP) markers of which some were present in candidate genes. My results 

demonstrated that the RS-HDL sex pheromone plays a role in the mating system of N. 

giraulti and N. oneida. I detected four QTL for male pheromone production in Nasonia. No 

significant QTLs were found for female preference, which points at a polygenic architecture 

of female interspecific discrimination with strong environmental influences. Several 

candidate genes were found in regions associated with male courtship behavioural 
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components and pheromone production, but proof of their involvement requires further 

functional studies. 

        In conclusion, my study has contributed to the knowledge of the genetic basis of 

prezygotic reproductive isolation in the Nasonia complex. Male courtship behaviour, male 

courtship song, cuticular hydrocarbon profile and sex pheromone quantity were found to 

vary within and between Nasonia species. Male courtship behaviour and sex pheromone 

quantity were demonstrated to have a genetic basis, and female preference appears partly 

governed by these male traits, although in a complex way, probably involving many genes 

of small effect and strong environmental effects. Thus, despite the apparent fast evolution 

of prezygotic isolation, the genetic architecture of prezygotic isolation in the Nasonia genus 

appears to be complex, and subject to multiple and opposing selection pressures. Future 

studies towards understanding the genetics of prezygotic isolation in Nasonia should focus 

on functional analysis of particular traits and the effects of candidate genes. 
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SAMENVATTING 

Het tot stand komen van reproductieve isolatie is een cruciale stap in de evolutie van 

nieuwe soorten. Populaties kunnen geïsoleerd raken door barrieres voorafgaand aan 

bevruchting en/of barrieres aanwezig na bevruchting. Onze kennis over de genetische basis 

van de eigenschappen verantwoordelijk voor reproductieve isolatie is nog zeer beperkt. De 

recente technologische ontwikkelingen stellen ons in staat om de genomische basis van 

soortvorming te bestuderen. 

        Dit proefschrift richt zich op de genetische architectuur van potentiële eigenschappen 

die een rol spelen in het veroorzaken van reproductieve isolatie. Hierbij worden de 

barrieres voorafgaand aan bevruchting bestudeerd in Nasonia wespen. Het genus Nasonia 

(Hymenoptera, Pteromalidae) heeft zich ontwikkeld tot een model systeem in de 

evolutionaire biologie. Het bestaat uit vier nauw gerelateerde soorten, waarvan er drie 

alleen voorkomen in Noord-Amerika (N. longicornis, N. giraulti en de recent ontdekte N. 

oneida) en de wereldwijd verspreide N. vitripennis. De vier soorten verschillen in 

paringsgedrag (baltsgedrag en baltsgeluid) en chemische communicatie signalen 

(cuticulaire koolwaterstoffen en seksferomonen). Ik heb de genetische basis van deze 

paringseigenschappen onderzocht door gebruik te maken van de genetische toolbox die 

beschikbaar is voor het Nasonia modelsysteem en de mogelijkheid om kruisingen uit te 

voeren tussen de verschillende Nasonia soorten. 

        Om de variatie in prezygotische isolatie tussen Nasonia soorten te bestuderen heb ik 

eerst het baltsgedrag van N. oneida bestudeerd (Hoofdstuk 2). N. oneida is de jongste soort 

in het Nasonia genus en diens baltsgedrag was nog niet beschreven. Mijn resultaten tonen 

aan dat N. oneida soortsspecifieke eigenschappen in baltsgedrag vertoont; een fenomeen 

dat elk van de Nasonia soorten van elkaar onderscheidt. De gedragingen vertonen het 

meest overeenkomst met N.giraulti, tevens de nauwst verwante soort. Deze studie toonde 

eveneens aan dat er een sterke isolatie met de andere Nasonia soorten is op basis van 

baltsgedrag. Deze eigenschappen maakten N. oneida een goede kandidaat voor verdere 

experimenten aan de genetische basis van prezygotische isolatie. Deze worden beschreven 

in Hoofdstuk 6.  

        In Hoofdstuk 4 geef ik voor de eerste keer gedetailleerde beschrijvingen van de 

baltsgeluiden van alle Nasonia soorten. Mijn resultaten laten zien dat mannetjes van de 

vier Nasonia soorten geluid produceren door hun vleugels te laten vibreren als onderdeel 

van hun balts. Ze delen een neurieënd geluid dat vergelijkbaar is met het sinus geluid van 

Drosophila. Ze produceren echter geen ritmisch geluid zoals Drosophila. De geluiden van de 

vier soorten komen overeen qua algemene structuur, maar vertonen een aantal 

soortspecifieke eigenschappen, zoals de duur van en het aantal periodieke 

geluidsfragmenten en de duur en frequentie van pauzes tussen deze geluiden. Verder laten 
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mijn resultaten zien dat de geluidspatronen van Nasonia gekoppeld kunnen worden aan 

gedragsonderdelen van de balts. Soortsspecifieke kwantitatieve verschillen in baltsgeluid 

(Hoofdstuk 4) zijn analoog aan de verschillen in gedragseigenschappen tussen de soorten 

(Hoofdstuk 2). 

        Om te kijken naar variatie in paringseigenschappen binnen soorten heb ik het 

paringsgedrag en de chemische signalen van zeven europese N. vitripennis populaties 

(verzameld langs een latitudinaal geografisch traject) onderzocht. Mijn resultaten, 

gepresenteerd in hoofdstukken 3-5, tonen duidelijke kwantitatieve verschillen in 

componenten van balts (bijvoorbeeld het aantal elementen en de duur daarvan), 

baltsgeluidspatronen (bijvoorbeeld periodieke geluiden, de duur en frequentie van pauzes) 

en vrouwelijke en mannelijke cuticulaire koolwaterstof patronen tussen de Europese 

populaties. Desondanks vond ik geen verschillen in paringssucces binnen en tussen deze 

populaties. Dit suggereert dat N. vitripennis in Europa beschouwd kan worden als een 

enkele, ongedifferentieerde, soort met een zodanige hoeveelheid genetische uitwisseling 

tussen subpopulaties dat de opbouw van reproductieve isolatie wordt voorkomen. 

        Een correlatie analyse van paringsgedrag en chemische signalen in de zeven N. 

vitripennis populaties laten een beperkt, maar significant, effect van breedtegraad op een 

aantal baltsgedragingen en baltsgeluid componenten zien (Hoofdstukken 3-5). Er was geen 

duidelijk breedtegraad patroon in cuticulaire koolwaterstoffen profielen van vrouwtjes en 

mannetjes van de populaties. Echter, wanneer specifieke klassen van koolwaterstoffen 

werden vergeleken, kwamen er correlaties met breedtegraad, gemiddelde temperatuur, 

temperatuur bereik, luchtvochtigheid en neerslag naar voren voor bepaalde elementen in 

vrouwtjes, maar niet in mannetjes. Deze resultaten geven aan dat geoklimatische factoren 

een invloed hebben op de samenstelling van cuticulaire koolwaterstoffen in vrouwelijke N. 

vitripennis. 

        In Hoofdstuk 5 en 6 onderzocht ik de fenotypische variatie tussen soorten in twee 

klassen van chemische signalen: niet-vluchtige cuticulaire koolwaterstoffen en vluchtige 

seksferomonen. Cuticulaire koolwaterstoffen bleken zowel soorts-specifiek als geslachts-

specifiek te zijn in N. vitripennis, N. giraulti en N. longicornis. Een interessante ontdekking 

was de tienmaal hogere productie van het mannelijke seks feromoon RS-HDL in N. oneida 

mannetjes in vergelijking met N. giraulti mannetjes. Daarom heb ik deze soort gebruikt in 

kruisingen met N. giraulti om de genetische basis van feromoon productie te onderzoeken. 

Ik heb een kruisingen uitgevoerd tussen deze twee soorten voor een Kwantitatieve 

Eigenschap Analyse (QTL) met nucleotide polymorfieën (SNPs) waarvan een deel zich in 

kandidaat genen bevonden. Mijn resultaten toonden aan dat het RS-HDL seksferomoon een 

rol speelt in de paringssystemen van N. giraulti en N. oneida. Ik heb vier potentiële 

genetische regionen ontdekt voor mannelijke feromoon productie in Nasonia. Er werden 
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geen potentiële genomische regionen voor vrouwelijke voorkeur gedetecteerd. Dit 

suggereert dat vrouwelijke acceptatie of afwijzing van mannetjes van een andere soort 

bepaald wordt door een groot scala aan genen met sterke invloeden van de omgeving. Een 

aantal kandidaatgenen, geässocieerd met baltsgedrag componenten en feromoon 

kwantiteit, werden geïdentifeerd, maar dienen verder onderzocht te worden in functionele 

studies. 

        Mijn onderzoek heeft bijgedragen aan de kennis van de genetische basis van 

prezygotische isolatie in het Nasonia complex. Baltsgedrag, baltsgeluiden, cuticulaire 

koolwaterstoffen en seksferomonen bleken te varieëren tussen de Nasonia soorten. Een 

genetische basis werd gevonden voor baltsgedrag en seksferomoon productie in 

mannelijke Nasonia. Vrouwelijke voorkeuren lijken deels onderhevig te zijn aan verschillen 

in deze mannelijke eigenschappen en dit wordt gereguleerd op een complexe manier, 

waarschijnlijk door veel genen met ieder een klein effect en sterke omgevingsinvloeden. Dit 

suggereert dat de genetische architectuur van prezygotische isolatie in het Nasonia genus 

complex is, ondanks een schijnbaar snelle evolutie van prezygotische isolatie, en 

onderhevig aan meerdere vormen van selectie en tegenstrijdige selectiedruk. 

Vervolgstudies aan de genetica van prezygotische isolatie in Nasonia dienen zich te richten 

op functionele analyse van bepaalde eigenschappen en kandidaatgenen. 
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