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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).  

 



Male courtship song in the genus Nasonia | 

  65 
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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. 
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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 
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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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