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ABSTRACT 

Reproductive isolation causes genetic divergence between populations and plays a 
key role in speciation. Female interspecific mate discrimination (MD) is an 
important component of reproductive isolation, but its genetic basis is still poorly 
known. We investigated the quantitative genetic basis of female interspecific MD 
in the Nasonia genus (Hymenoptera, Pteromalidae), using F1 hybrid females from 
an interspecific cross between N. oneida and N. giraulti. We generated F3 
recombinant females (in clonal sibships) by backcrossing F2 recombinant males, to 
a female of either pure species. The F1 hybrid females and females from the F3 
clonal sibships were scored for interspecific MD against N. vitripennis males. The F2 
recombinant males were genotyped using 27 microsatellite markers. The 
phenotypic and genotypic data were used for a quantitative trait loci (QTL) analysis 
of interspecific MD. This revealed two QTLs for the backcross with N. oneida 
explaining 13% of the variation, and three QTLs for the backcross with N. giraulti 
explaining 29% of the variation. Of these last three, two are located on similar 
positions as the QTLs found in the backcross with N. giraulti. This study shows that 
interspecific MD is a dominant trait governed by several genes with dominance 
effects that are not similar between species. 
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INTRODUCTION 

When a reproductive barrier is formed between two potentially interbreeding populations, 
local adaptation and genetic drift will cause the populations to diverge, which can 
eventually lead to complete reproductive isolation and the origin of new species (Mayr 
1963). Reproductive barriers can occur as prezygotic (before fertilization) and postzygotic 
(after fertilization) isolation. Behavioural isolation, a form of prezygotic isolation, is 
usually the first barrier to evolve (Coyne and Orr 1997) and is therefore an important 
component in the study of the speciation process (The Marie Curie SPECIATION Network 

2012).  

 A key part of reproductive behaviour is female interspecific mate discrimination (MD), 
in which the female uses one or several cues generated by a male, for deciding whether to 
accept or reject him as a partner. These cues are often species-specific and can be 
behavioural, such as male courtship display, or chemical, such as pheromones (Dickson 
2008, Hunt and Sakaluk 2014). Study of the genetic architecture of mate discrimination is 
essential for understanding how such behavioural barriers may arise. It is therefore 
surprising that, despite a long history of mate choice studies, the genetic aspects of mate 
discrimination have received little attention (For reviews see o.a. Arbuthnott 2009, Bakker 
and Pomiankowski 1995). One of the reasons for this is that behavioural traits are suggested 
to have a complex genetic basis because they are highly context dependent and are the 
result of interactions between individuals (Chenoweth and Blows 2006). Another obstacle 
has been the proceeding from quantitative genetic analysis of behaviour to the analysis of 
the underlying genes. Both obstacles can be diminished by studying insect species that (1) 
have mating behaviours that are simple to score, (2) can easily be used for QTL analysis, for 
instance by generating interspecific hybrids, and (3) have a sequenced genome. In this 
study, we report on the genetics of interspecific mating behaviour of wasps in the 

hymenopteran parasitoid genus Nasonia. 

 Most studies on the genetic basis of insect mate discrimination have been conducted in 
Drosophila (see Arbuthnott 2009, Laturney and Moehring 2012, Nanda and Singh, 2012, 
Ritchie and Phillips 1998). Although these studies did yield identical results, most do show 
that female mate discrimination is controlled by a small number of genomic regions 
(reviewed in Laturney and Moehring 2012). For example, several studies have showed that 
mate discrimination between Drosophila species is determined by two or three genomic 
regions (Coyne 1992, Noor et al. 2001, Zouros 1981, Carracedo et al., 1995, Coyne 1989, 1992, 
Doi et al. 2001, Moehring et al. 2006, Sawamura et al. 2008). These regions were found on 
all of the main chromosomes in Drosophila but the right arm of the third chromosome was 
particularly often associated with this behaviour (Laturney and Moehring 2012). 
Concerning the effect of the observed QTLs, there was variation related to the species pair 
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tested, which ranged from minor (Gleason et al. 2005, 2009, Ting et al. 2001) to major effects 
on interspecific mate discrimination (Doi et al. 2001, Moehring et al. 2006, Noor et al. 2001, 
Sawamura et al. 2008). In addition, there is evidence that mate discrimination genes tend 
to be more abundant in areas of low recombination, such as regions near the centromeres 
or telomeres, or in regions that contain chromosomal inversions (e.g. Feder and Nosil 2009, 
Noor et al. 2001, Sawamura 2008). Inversions are predicted to play a large role in speciation 
because they prevent populations from homogenizing by gene flow, thus maintaining 
genetic differences between populations in genes that affect adaptive divergence and 
(potentially) leading to reproductive isolation (Feder and Nosil 2009). No study has yet been 
able to fully characterize the genes responsible for interspecific mate discrimination 
(Laturney and Moehring 2012). Work in progress suggests that these genes need to be 
sought among receptor signalling genes that are involved in how the female perceives cues 
from the male, such as those involved in the auditory system (Immonen and Ritchie 2011), 

the olfactory system, (Coyne et al. 1994), or the central nervous system (Bailey et al. 2011).  

 Studies on the genetic basis of mate discrimination in other organisms are scarce. Gould 
and colleagues (2010) found a single QTL controlling male mate discrimination in Heliothis 
moths, which spans at least four candidate odorant receptor genes. In Helioconus 
butterflies, Kronforst et al. (2006) showed a single QTL to control male mate discrimination 
in a cross between H. cydno - H. pachinus. Interestingly, this QTL coincides with the genomic 
location of wingless, a gene that determines female wing colour, the trait that the male 
butterflies use as mating cues. This suggests that in these species there might be a genetic 
correlation between the female discriminatory trait and the preferred male trait. A similar 
result was found in the Hawaiian cricket genus Laupala, where mate discrimination 
between the species L. paranigra and L. kohalensis appears to be controlled by a single QTL. 
This QTL maps to a genomic location where another QTL was found that controls male 

song, the trait that female crickets use as mating cues (Shaw and Lesnick 2009).  

 In addition to the work in Drosophila and in the Lepidopteran species, reproductive 
isolation has also been studied extensively in the hymenopteran genus Nasonia 
(Hymenoptera: Pteromalidae) . Nasonia are small parasitic wasps that lay their eggs in flesh- 
and blowfly pupae (Whiting 1967). The genus consists of four closely related species, of 
which three occur in sympatry in eastern North America, where N. vitripennis, N. giraulti 
and N. oneida all inhabit bird nests. In nature, all species are infected with species-specific 
Wolbachia bacteria. This infection causes N. vitripennis to be reproductively separated from 
N. oneida and N. giraulti as the production of hybrids is inhibited by the bacteria 
(Raychoudhury et al. 2009). N. oneida and N. giraulti are the most genetically similar Nasonia 
species and share infection of the same Wolbachia strains (Raychoudhury et al. 2010a). 
However, they differ strongly in their mating behaviour: N. giraulti predominantly mates 
inside the host before emerging (within host mating), while N. oneida mates on the host 
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after emergence, similar to N. longicornis and N. vitripennis (Giesbers et al. 2013). 
Furthermore, N. giraulti females do not discriminate against males of any other Nasonia 
species, but interspecific mate discrimination in N. oneida females is quite strong (Giesbers 
et al. 2013, Raychoudhury et al. 2010a). Although laboratory experiments showed clear 
differences in mate discrimination between these sympatric species, the extent to which 
interspecific matings occur in nature is not well known (Giesbers et al. 2013). Previous 
studies, in other species combinations of Nasonia, showed that interspecific mate 
discrimination behaviour in Nasonia likely has a simple genetic basis (Velthuis et al. 2005) 
and has a moderate heritability. Additionally, lowered interspecific MD can be easily 
selected for (Chapter 3, this thesis). Here, we study the genetic basis of mate discrimination 
of N. giraulti and N. oneida against N. vitripennis males. Our aim is to unravel the genetic 
architecture of interspecific mate discrimination against N. vitripennis males in N. giraulti 
and N. oneida females using a combination of test crosses and quantitative trait locus (QTL) 
analysis. The strong behavioural differences between N. oneida and N. giraulti, despite their 
moderate genetic divergence, make this species pair particularly suitable for study of the 

genetic changes that can cause mate discrimination.  

MATERIAL & METHODS 

EXPERIMENTAL STRAINS  

The isogenic laboratory strains NONY 11/36-TET of N. oneida (Raychoudhury et al., 2010a) 
and NGVA-2-TET of N. giraulti (Virginia NY, USA, 2006), which were cured from their 
Wolbachia infection, were used. Females of these two strains show typical interspecific mate 
discrimination behaviour towards N. vitripennis males; N.oneida females discriminate 
strongly against N. vitripennis, but N. giraulti females mostly accept N. vitripennis males 
(Giesbers et al. 2013). In the mating trials, N. vitripennis males of the ASymC laboratory 
strain (Werren et al. 2010) were used. All strains were maintained on Calliphora spp. blowfly 

pupae as hosts, at 25 °C and a 16:8 light-dark cycle. 

 Genetically identical F1 hybrid females were generated by crossing a N. oneida male with 
a N. giraulti female. These F1 females were collected as virgins and provided with hosts to 
produce an F2 generation consisting of 412 recombinant males. Each of these F2 males was 
backcrossed to both a N. oneida female and a N. giraulti female to create genetically identical 
recombinant F3 hybrid sisters, which are referred to as clonal sibships (Figure 4.1; Velthuis 
et al. 2005, Pannebakker et al. 2011). This setup is equivalent to the North Carolina III (NCIII) 
experimental design (Comstock and Robinson 1952), traditionally used to estimate the 

degree of dominance. 
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PHENOTYPING  

Interspecific mate discrimination of females was tested using standard no-choice mating 
trials (e.g. Beukeboom and van den Assem 2001). Virgin females from F3 clonal sibships 
were collected as pupae from the host puparium two days before eclosure and placed in 
plastic culture tubes (60mm long, diameter 10mm) in groups of ten. They were provided 
with a piece of filter paper soaked in concentrated sugar water as food, and kept in the tube 

to eclose from their pupal skin. Females used in the observations were one to two days old. 

 To generate males for the mating trials, virgin N. vitripennis females (collected as 
described above) were placed in tubes individually and provided with two hosts for 
oviposition. Two weeks later, the males emerged and were used in the mating experiments 
without prior experience. All males used in the observations were between one and two 
days old. For the mating trials, males were individually placed into culture tubes 
approximately one hour before the observations. Single females were introduced into each 
tube and the wasp couples were observed for ten minutes or until the end of male post-
copulatory behaviour (van den Assem et al. 1980). During these observations, the latency 
time (time from introduction of female to first male mount), courtship duration and female 
acceptance was scored. Only those pairs in which the male initiated courtship were used 
in the analysis. Observations were performed in a 25o C climate chamber, similar to culture 
conditions. Matings were observed for pure N. oneida and N. giraulti females, for reciprocal 
F1 hybrid females, and for females from the F3 clonal sibships (see Figure 4.1). For the 
quantitative trait locus (QTL) analysis, interspecific mate discrimination was quantified for 
each F3 clonal sibship, by calculating the proportion of females in each sibship (typically 
N=5 per sibship) that did not accept the provided male.  

GENOTYPING 

The 412 F2 recombinant males were genotyped for 27 microsatellite markers that differed 
in allele size between N. giraulti and N. oneida (developed by Beukeboom et al. 2010, 
Pannebakker et al. 2010, see supplementary Table 4.S1). Genomic DNA from individual 
adult males was extracted using a standard high salt-chloroform protocol (Maniatis et al. 
1982). Microsatellite markers were amplified using the Qiagen (Hilden, Germany) multiplex 
PCR kit according to the manufacturer’s recommendations (PCR profile: 15 min at 95 °C, 
followed by 30 cycles of 30 s at 94 °C, 1.5 min at 57 °C (TA for all markers) and 1 min at 72 °C, 
followed by 45 min at 72 °C). Amplified fragment lengths were determined using the 
Applied Biosystems 3730 DNA Analyzer and analysed using Gene Mapper v4.0 software 

(Applied Biosystems, Carlsbad, CA, USA).  
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DATA ANALYSIS  

Mating behaviour data were analysed using generalized linear models with female 
genotype (pure species, F1 hybrid or F2 backcrossed female) fitted as a random effect. 
Interspecific mate discrimination was analysed using a binomial error structure, courtship 
duration using a Gaussian error structure. The statistical differences between the different 

groups were determined using likelihood ratios tests (LRT) based on a χ2 distribution. All 
statistical analyses were performed using R statistics (version 2.14.1; R Development Core 

Team, 2011).  

 The dominance ratio of the interspecific MD phenotype was estimated using an analysis 
of variance of the clonal sibship data, following the NCIII analysis in Kearsy and Pooni 

Figure 4.1 The experimental crossing procedure, used to generate F3 clonal sibships. A virgin 
N. giraulti (O) was crossed to a N. oneida (O) male to produce female OxG F1 females. These F1 
females were used as virgins to produce recombinant F2 males. The F2 males were then 
backcrossed to both the O and the G parental line, to produce F3 females in clonal sibships. 
These females were scored for interspecific mate discrimination against N. vitripennis males in 
each genetic background (N = 5 females per recombinant male genotype per background). The 
five different chromosomes of Nasonia are represented by squares. 
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(1996). The amount of variance due to additive gene action, VA, was determined from the 

variance between sibships (MSBS) and variance within sibships (MSE), using Formula 1.  

 VA = 
�∗(�������	)

�∗�    (1) 

 The amount of variance due to dominant gene action, VD, was determined from the 
variance in the interaction term between variance between sibships and the genetic 

background (G) of the sibship (N. oneida or N. giraulti), as described in Formula 2. 

  VD = 
(����∗����	)

�∗�   (2) 

 The narrow sense heritability (h2) was calculated using Formula 3 below (Lynch and 
Walsh 1996), and the dominance ratio (DR) was calculated using Formula 4 (Lynch and 
Walsh 1996), in which VA is the amount of variance due to additive gene action, VD is the 
amount of variance due to dominant gene action and VE is the amount of variance due to 
environment (i.e. the variance within each sibship).   

  h2 = 
�

����	 (3) 

  DR = ��∗�
�∗� (4) 

QTL ANALYSIS 

An interspecific linkage map was constructed based on the genotypes of the 412 
recombinant F2 males. R/qtl software (version 1.33; Broman et al. 2003) was used to 
determine linkage between markers and to determine their order on each of the five 
linkage groups. The recombination map was constructed using the pairwise recombination 
fractions between markers, that were computed using the Lander-Green algorithm (Lander 
and Green 1987). Kosambi’s mapping function (Kosambi 1944) was used to translate 
recombination fractions into map distances (cM). Linkage groups were visualized with 

MapChart (version 2.2; Voorrips 2002).  

 A single QTL analysis was performed for each backcross separately, applying a genome 
scan with Haley-Knott regressions (Haley and Knott 1992) on the average interspecific MD 
index calculated for the offspring of each F2 recombinant male using R/qtl software 
(version 1.33; Broman et al. 2003). The genotyping error rate was estimated at 0.0025, which 
was used throughout the analysis. Genome-wide LOD statistical significance thresholds 
were calculated using 1000 permutations and a 5% cut-off as significant threshold value 
(Churchill and Doerge 1994). Confidence intervals for the location of each significant QTL 
were obtained using 1- and 2-LOD support intervals (cf. Broman and Sen 2009), and effect 



QUANTITATIVE GENETIC BASIS OF INTERSPECIFIC MATE DISCRIMINATION IN NASONIA 

 

 

81 

 

 

 

C
H
A
PTER

 4 

plots were created. The percentage of variance explained by each QTL was calculated by 

1 − 10������ (Broman and Sen 2009).  

RESULTS 

Female mate discrimination against N. vitripennis males, was scored for N. giraulti and N. 
oneida females, for reciprocal F1 hybrid females and for females from the F3 clonal sibships 
(Figure 4.2 and 4.3). While most of the N. giraulti females accepted the N. vitripennis male 
(MD = 7.41±3.63% (SE)), N. oneida females showed strong mate discrimination (MD = 
93.18±2.70%), a significant difference (N=142, df=1, z-value=-7.67, p<0.001). Both types of F1 
hybrid females, (OG; with N. oneida (O) father and N. giraulti (G) mother) and the reverse 
(GO) showed high mate discrimination (88.89±4.32% and 96.23±0.19% respectively), but did 
not differ from each other (N=107, df=1, z-value=1.38, p=0.69). These MD values were not 
significantly different from those of pure N. oneida females (OG vs O: N=142, df=1, z-
value=0.89, p=0.94; GO vs O: N=141, df=1, z-value=0.75, p=0.97). The high value of MD 
observed in F1 hybrid females, similar to the pure N. oneida females, suggests that 
interspecific mate discrimination is, at least partially, a dominant trait. 

 

Figure 4.2 Percentage of interspecific mate discrimination (MD) against N. vitripennis males in 
pure N. oneida (O) and pure N. giraulti (G) females, reciprocal F1 hybrid females (OG and GO), and 
F3 females from clonal sibships of both backcrosses (OG-G and OG-O). Error bars represent 
standard errors. Statistically significant differences (P<0.05, multiple comparison GLM, binomial) 
are indicated by non-capital letters. Sample size is noted between parentheses under each bar. 
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 Partial dominance of the N. oneida genome in mate discrimination is further reflected 
in females from the F3 clonal sibships (Figure 4.2 and 4.3). Female offspring from the 
backcross to N. oneida carry 75% percent of N. oneida genome and phenotypically resembled 
the pure N. oneida species (N=1568, df=1, z-value=-0.33, p=0.99), with very little variation in 
the interspecific MD rates (MD = 94.06±0.78%). F2 female offspring from the backcross to N. 
giraulti (25% N. oneida genome), however, showed a more intermediate pattern of mate 
discrimination (MD is 68.03±1.83%), which is significantly different from the N. oneida 
backcrossed females (N=3025, df=1, z-value=-16.35, p<0.001) and from both pure species (N. 
giraulti: N=1599, df=1, z-value=-6.81, p<0.001; N. oneida: N=1633, df=1, z-value=4.36, p<0.001). 
Using the results of the females from all F3 clonal sibships, the narrow sense heritability 
(h2) for both backcrosses combined was calculated at 0.30, and the dominance ratio DR at 

0.84, which indeed suggests a partial dominance of the N. oneida alleles.  

QTL ANALYSIS 

A recombination map of 645.1 cM was created, with an average distance between the 
microsatellite markers of 28.4 cM, and a maximal distance of 104 cM between two markers. 
Two separate single QTL analyses were performed for both backcrosses with an interval 

Figure 4.3 Percentage of interspecific MD against N. vitripennis males in the clonal sibships. Each 
dot represent the average interspecific MD percentage of one clonal sibship, distinguishing 
between the backcrosses (OG-G and OG-O). The lines give the interspecific MD percentage of pure 
N. oneida (O) , pure N. giraulti (G), and the reciprocal F1 hybrid females (OG and O). 
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mapping approach. The critical LOD score, reflecting a significance level of α=0.05, was 

determined at 2.22 using permutation tests.  

 In the N. giraulti backcross, three QTLs were detected, each located on different 
chromosomes (1, 2, and 3; Figure 4.4, Table 4.1). All three QTLs had effects in the same 
direction: females with the N. oneida allele at these loci discriminated stronger against N. 
vitripennis males than females with the N. giraulti allele. No interaction was found between 

the three QTLs, and combined they explained 29% of the phenotypic variation.  

 In the N. oneida backcross, two QTLs were found, one on chromosome 2 at position 63.2 
cM, and one on chromosome 4 at position 114.5 cM (Figure 4.4, Table 4.1). The effects of the 
two QTLs were of the same magnitude but in opposite direction, and together explained 
13% of the total phenotypic variation. At marker Nv306, the N. oneida allele was associated 
with a higher interspecific MD than the N. giraulti allele, whereas at marker Nv341, the 

opposite effect was observed. No interaction was found between the two QTL. 

 

Figure 4.4 Recombination map for a cross between N. oneida and N. giraulti, constructed based on 
the genotypes of the 412 recombinant F2 males genotyped for 27 microsatellite markers. Map 
distances are calculated using Kosambi’s mapping function, with a total map length of 645.1 cM. 
Quantitative trait loci (QTLs) for interspecific mate discrimination against N. vitripennis males are 
shown; the error bars represent 95% confidence intervals as calculated using using 1- and 2-LOD 
support intervals. Black bars indicate QTLs found in the backcross with N. giraulti, grey bars 
indicate QTLs found in the backcross with N. oneida.  
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Table 4.1 Summary of the statistical results of the QTL analyses. LOD = calculated LOD score for each 
significant QTL. Effect size = estimated effect size of the QTL, calculated as the difference in 
interspecific MD between sibships inheriting the N. oneida (O) vs. the N. giraulti (G) allele. Percentage 

of variance explained by each QTL was calculated by 1 − 10������ 

QTL Chromosome LOD score 
Effect size (±SE) estimated % of variance 

explained O allele G allele 

Backcross with N. giraulti      

QTL-1 1 5.495 0.789 ± 0.028 0.606 ± 0.023 7.8635 

QTL-2 2 6.100 0.758 ± 0.023 0.562 ± 0.028 8.6907 

QTL-3 3 9.032 0.798 ± 0.027 0.596 ± 0.025 12.5935 

      

Backcross with N. oneida      

QTL-4 2 4.876 0.972 ± 0.010 0.898 ± 0.115 7.3048 

QTL-5 4 4.075 0.907 ± 0.011 0.974 ± 0.011 6.1429 

DISCUSSION 

The genetic basis of interspecific mate discrimination in the Nasonia parasitoid wasp 
species complex was investigated using the Nasonia oneida – N. giraulti species pair. F1 
hybrid females of reciprocal crosses between N. giraulti and N. oneida showed a pattern of 
mate discrimination against N. vitripennis males that is the same as the discriminatory 
behaviour of pure N. oneida females. Females from the F3 clonal sibships, with 75% N. oneida 
genome, also showed this high level of mate discrimination, but females from the backcross 
with N. giraulti, having 75% N. giraulti genome, had a more intermediate pattern of mate 
discrimination. These data indicate that high mate discrimination against N. vitripennis 
males is a dominant trait of the N. oneida species. This conclusion was substantiated by the 
calculation of a dominance ratio DR of 0.84. Velthuis et al. (2005) performed a QTL 
experiment using two strains of N. longicornis, one with high and one with low mate 
discrimination against N. vitripennis. They found that interspecific mate discrimination of 
N. longicornis against N. vitripennis was a recessive trait, as substitution of an allele from the 
low discrimination strain by an allele of the high discrimination strain at the observed QTLs 
always led to a decrease in interspecific MD. The narrow sense heritability in our 
experiment was h2 = 0.30. The same value was found in an artificial selection experiment 
for decreased interspecific MD in N. vitripennis, which showed a realized heritability of h2 = 
0.29 (Chapter 3, this thesis), suggesting that in general traits involved in interspecific MD 

have a moderate heritability.  

  A recombination map with 27 microsatellite markers was constructed for N. giraulti and 
N. oneida with the genotypic data of 412 recombinant males. The total recombination size 
was 645.1 cM which is higher than the cross between N. giraulti and N. vitripennis (435.9 cM; 
Desjardins et al. 2013). In comparison to Desjardins et al. (2013), linkage groups 1 and 3 in 
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our linkage map are approximately of the same size, linkage group 2 is 30% smaller, and 
linkage groups 4 and 5 in our study are approximately twice as large. These size differences 
between our map and the N. giraulti - N. vitripennis map point at structural differences in 
the genomes of these species pairs. However, they could also be the result of a lower 
number of molecular markers used: 27 in our experiment compared to 15,546 markers by 

Desjardins et al. (2013).  

 Our QTL analysis showed several QTL of large effect located on different chromosomes, 
suggesting a polygenic basis for interspecific MD against N. vitripennis males in the N. oneida 
– N. giraulti species pair. This is further reflected in the number of observed QTL: three in 
the backcross with N. giraulti, explaining 29% of the phenotypic variation, and two in the 

backcross with N. oneida, explaining 13% of the phenotypic variation.  

 Mating behaviour is often claimed to have a complex genetic basis and is controlled by 
a large number of genes, but this is in contrast to many studies that only find few major 
QTL (Coyne 1992, Noor et al. 2001, Zouros 1981, Carracedo et al. 1995, Coyne 1989, 1992, Doi 
et al. 2001, Velthuis et al. 2015, Moehring et al. 2006, Sawamura et al. 2008). Our results are 
in agreement with several previous QTL studies in Drosophila species that found two to 
three major QTL involved in interspecific mate discrimination (reviewed in Laturney and 
Moehring 2012) consistent with a polygenetic architecture for the trait. However, there 
appears to be a bias towards finding QTLs with major effect, especially in studies using 
fewer than 100 recombinants, which can overshadow the effects of minor QTLs (Beavis 
1998, Xu 2010).  

 No epistatic interactions were found between QTLs. Although mostly different QTLs 
were found in the two backcrosses, marker NV306 on chromosome 2 seems to be associated 
with interspecific MD in both backcrosses. The QTL effect on this marker is in the same 
direction, with the N. oneida allele resulting in higher interspecific MD. Interestingly, this 
region is also associated with a QTL for number of headnods in the first cycle of courtship 
behaviour, for a cross between N. longicornis and N. vitripennis (Pietsch 2005). The number 
of headnods is a male trait that females potentially use as a cue for mate discrimination. A 
genetic correlation between interspecific MD and the preferred trait (number of headnods) 
could speed-up evolution of the traits or in other ways influence the evolutionary 

dynamics of the traits (Boake, 1991).  

  N. giraulti and N. oneida are genetically the least diverged Nasonia species pair 
(Raychoudhury et al. 2010a), yet they appear to differ strongly in their mate discrimination 
patterns against N. vitripennis. Our data suggest that the apparent recent emergence of N. 
oneida - from a shared ancestor with N. giraulti - within the distribution range of N. giraulti, 
may have been facilitated by the evolution of a few dominant alleles for interspecific mate 
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discrimination. This species pair therefore makes an ideal system to further study the 

genetic basis underlying this behaviour.  

 Previous studies showed that Nasonia females can use different cues for mate 
acceptance. Patterns of male courtship behaviour differ between species but it is still not 
entirely clear how important this is for mate discrimination and these interspecific 
differences are not sufficient to prevent interspecific matings (Chapter 2, this thesis). 
Additionally, female receptivity can be influenced by pheromones produced by the Nasonia 
males during courtship (van den Assem et al. 1980, Ruther et al. 2007). Ruther et al. (2007) 
have shown that except for N. oneida, Nasonia males of all known species produce the sex 
pheromone (4R,5S)-5-hydroxy-4-decanolide (RS-HDL) in an abdominal gland in large 
amounts to attract females. Only N. vitripennis males produce an additional sex pheromone, 
RR-HDL (Niehuis et al. 2013, Ruther et al. 2007). N. vitripennis females likely use this species-
specific pheromone to distinguish conspecific from heterospecific males. This is reflected 
by their high mate discrimination against males of all other Nasonia species (Giesbers et al. 
2013). N. giraulti females appear not to show a response to the presence of this pheromone, 
as they accept N. vitripennis males and do not distinguish between N. giraulti pheromone 
extracts and N. giraulti extracts with added RR-HDL (Niehuis et al. 2013). We do not know 
whether N. oneida uses this pheromone as a cue to discriminate against N. vitripennis males, 
as the response to the pheromone has not been tested in this species yet. If N. oneida females 
do show a response to the N. vitripennis pheromone, it would indicate that the genes 

involved in mate discrimination in this species are involved in olfactory reception.  

 This study shows that female interspecific mate discrimination in Nasonia is caused by 
several genes which are inherited in a dominant fashion. The next step towards unravelling 
the genetic basis of this trait would be the identification of these genes. This could be done 
with knock-out studies of candidate genes found within the regions of the QTL peaks, or 
through the creation of introgression lines in combination with high throughput genomic 

analysis (e.g. Desjardins et al. 2013, Hoedjes et al. 2014).  
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Table 4.S1 Microsatellite markers used to generate the recombination map. 

 

  

Microsatellite 

marker 
Scaffold 1.0 

Chromo-

some 
Forward primer Reverse primer 

Fluorescent 

dye 

Length  

(oneida / giraulti) 

Nv102 1 1 TCGTTCAGCGAGTTTGAATTT TCGTCGACTGACGCTTTATG FAM 229 / 233 

Nv121 12 1 AATTCATAAGCCAAGCTCACG TCATCGCTCTGGCAATTTTT NED 98 / 106 

Nv202 127 1 GGCTTCTCGCCATAATGAG GCCGTATTGGCTCTCGTCTA NED 178 / 180 

Nv204 1 1 GCGCGTCGTCTTGTTTAA TTACCCGGCCGATGTTAG FAM 200 / 210 

Nv306 11 2 TGCTCGGATTTCGAACATTT GCGGATGTTGTTCCGTTATT FAM 279 / 293 

Nv229 2 5 AAATATTGGCGCGGCAAC CCAACAATGAGTGTATCCTAGGC NED 214 / 223 

Nv335 34 4 GACTGGCTCTCGCGAGTAAT GCAACCCCTGCACTTTTCTA HEX 321 / 268 

Nv341 123 4 TCCGCTTTAACTCCAATCCT CATAAATCGAGTTGCGGCTA HEX 159 / 152 

Nv344 14 5 CATCTCTCTTACGCTCGTTCG AGTAGCGCTCACTCGTTTCC FAM 234 / 252 

Nv327 10 5 GCAAGAAACGCCGATTAGAT CCATCATTACAATCCCACGA HEX 313 / 329 

Nv104 9 4 GATTTCCCGGAGCTTCCTAC GCCGTTAATTGAACCTGTCG FAM 99 / 97 

Nv109 1 5 GCTTACTCTCGGGAACTGGA CGAGCATTAACCATCAGCAG FAM 221 / 230 

Nv203 1 1 CGTGCACTTTCTCTCCCTTT TGCACATTCGCGAAACAC HEX 241 / 239 

Nv218 4 4 TCGCTTAGATAATTGCCAGAC ACAGATATACTCTCGTGCAGGAG FAM 151 / 153 

Nv224 14 5 CGGCATACCTATAGCGCAGA CCATCCATTCGGAATACAATCT NED 322 / 316 

Nv342 187 4 CCTAAACACGGAGCGGAATA ATATGCAGGCATTGTTGCAC HEX 83 / 81 

Nv214 6 3 GCGAGCAGTGCGAGATTA CGGTTGTACTTTGGCGATAAA FAM 243 / 245 

Nv215 22 3 CACGAAACTACATCGCAATCA CGTGTATAGCTGCTCTTGTTGAA FAM 285 / 289 

Nv217 28 3 AATGGCATTATGCGAATGA CTGCTCTCTGCATGAATCTTT FAM 215 / 203 

Nv308 16 1 ATTCGGAATCCACGAAACG TAGGGCGCGTATAGATCGAG HEX 138 / 157 

Nv323 23 4 CTCGATTGCGAAACTGTTCA TTTATACAGCGCAGGCACTAGA FAM 107 / 113 

Nv326 10 5 TCCGCTACGAAAGAGCGTAT GAGATAGCGCGGAGATTCAC FAM 79 / 100 

Nv209 19 2 CCAACTTCTTATTCGTAAGGGAA ACCATTCGCTGGCTGGTA HEX 176 / 190 

Nv210 21 2 AGGACGCAGCTAGGTGGC CCTCGTCGATCAAGAGGC FAM 160 / 176 

Nv320 309 2 ATGTGCTGGCGAAGAAAAAT ACGTTTCTGCTGCTGCTTCT HEX 251 / 237 

Nv321 9 4 CGGTGAGACTCGTGAGATGA AACCGCAGCTCTCAACATTT HEX 111 / 99 

Nv331 27 5 TATATACATGCGCGCACAGC CGCTCTATCCGCACTCTTTC FAM 191 / 205 
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