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Abstract

The pattern and the genetic basis of variation in courtship song of D. virilis were studied using three
different approaches: a candidate gene, a biometrical and a quantitative trait locus (QTL) method.
Nucleotide variation in a candidate song gene, no-on-transientA, was analysed both within the species
(D. virilis and D. littoralis) and between the species of the D. virilis group. Nucleotide variation
showed no signs of selection and there was no association between the nucleotide or repeat length
variation in nonA  gene region and the song characters of the D. virilis group species.

Molecular markers (microsatellites) were isolated for D. virilis and their cross-species
amplification was tested in all members of the D. virilis group. Intraspecific variation in D. virilis was
studied at the phenotypic level in male song characters and at the genetic level in microsatellites.
Significant geographic variation was detected in both levels, grouping the strains according to the
main continents of the species' distribution range: America, Asia, Europe and Japan. The strains with
most extreme song phenotypes were chosen for further analysis. The inheritance of two courtship
song characters, the number of pulses in a pulse train (PN) and the length of a pulse train (PTL) was
studied by analysing the means and variances of these characters between parental and reciprocal F1,
F2 and backcross males. This biometrical analysis showed the genetic basis of these song characters
to be polygenic with significant dominance, epistatic and Y-chromosomal effects on both characters.
A subset of these data (F2 generation males) were used to conduct a QTL study with the aid of a
recombination linkage map constructed for the microsatellites. Composite interval mapping (CIM)
revealed significant QTLs, which were shared in both characters. Altogether, significant QTLs,
located on the X, 2nd, 3rd and 4th chromosome, were found to affect PN, whereas only QTLs on the
3rd chromsome was found to affect PTL. The effect of the same QTL on the 3rd chromosome on both
characters accounted for 31.8% and 49.1% of the mean difference between the parental strains in PN
and PTL, respectively. These results suggest the genetic basis for these song characters is caused
mainly by autosomal QTLs with a relatively large effect.

Keywords: courtship song, DNA sequence variation, Drosophila virilis, microsatellite,
QTL mapping
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Ala  alanine 
Asn  asparagine 
ATP  adenosine triphosphate 
bp  base pair 
cDNA complementary DNA 
CIM  composite interval mapping 
cM  centiMorgan 
CN  the number of cycles in a sound pulse 
FRE  the carrier frequency of the song 
Glu  glutamine 
Gly  glycine 
IM  interval mapping 
IPI  the interpulse interval 
MIM  multiple interval mapping 
MRS  mate recognition system 
mya  million years ago 
nonA  no-on-transientA 
PCR  polymerase chain reaction 
PL  the length of a sound pulse 
PN  the number of sound pulses in a pulse train 
PTL  the length of a pulse train 
QTL  quantitative trait loci 
QTN  quantitative trait nucleotides 
RFLP  restriction fragment length polymorphism 
Ser  serine 
Thr  threonine 
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1. Introduction 

1.1  Evolution of mating signals in Drosophila 

The maintenance of genetic variation between populations or species is a fundamental 
question in evolutionary biology. Secondary sexual characters (e.g. morphological traits, 
male courtship song, female song preferences and pheromones) have an important role in 
species recognition and in speciation processes. According to Paterson (1980, 1985), the 
mate recognition system (MRS) is defined as a series of signal-response actions 
transmitted between the male and the female during the courtship to ensure efficient and 
successful mating within species. Changes in these signals in closely related sympatric 
species may lead to premating isolation mechanism preventing species hybridisation in 
nature. Many mating systems are characterised by the males with striking morphological 
and behavioural features, and by the preferences of the females to mate with such males. 
Males of many insect species produce acoustic signals using wings (drosophilids, 
tephritids), abdominal tymbals (planthoppers, leafhoppers, treehoppers) or the abdomen 
(Chrysopidae) during courtship and mating (Henry 1994). For example, the mating calls 
of wolf spiders (Rovner 1975, Stratton & Uetz 1986), frogs (Ryan 1990) and crickets 
(Bentley & Hoy 1972, Ritchie 1992) attract females during courtship. 

Courtship song has been shown to be under sexual selection, which occurs through 
female preference (Ritchie et al. 1998). Several sexual selection theories modelling the 
evolution of secondary sexual characters rely on the joint evolution of male sexual 
characters and female preferences (Fisher’s ‘runaway sexual selection’, ‘indicator model’ 
and ‘direct-benefits’ models, e.g. Andersson 1994, Kirkpartick & Ryan 1991). These 
theories assume the existence of a positive genetic correlation between female 
preferences and male traits; female preferences are expected to evolve as an indirect 
response to changes in male characters. The ‘sensory exploitation hypothesis’ (Ryan & 
Rand 1990), on the contrary, predicts that male traits evolve to exploit pre-existing 
receiver biases in female sensory systems.  

Population genetics theory suggests that traits under intense stabilising or directional 
selection will show diminished genetic variation due to fixation of alleles affecting these 
traits. Consequently, stabilising selection has been suggested to lead to the stability of 
MRS throughout the species’ distribution area (Lambert & Henderson 1986). Joint 
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evolution of male secondary sexual traits and female trait preferences could, however, 
lead to geographic variation in male traits by direct or indirect selection on female 
preferences or through the interaction of natural and sexual selection with random genetic 
drift. Also, adaptation to local conditions followed by the isolation of populations due to 
environmental barriers can lead to geographic variation in sexual traits. 

The rate of divergence of traits important in the MRS gives information on whether 
the traits are a driving force in speciation or rather an incidental by-product of the genetic 
divergence of populations, and whether they are affected by stabilising selection in 
retaining species-specificity (Lambert & Henderson 1986). The strength of selection on 
quantitative traits determines the strength of relationship between the genetic distance 
and trait divergence i.e. whether the traits retain a phylogenetic signal or whether they are 
too labile and evolve too quickly to be useful in resolving phylogenetic genealogies 
(Holland & Rice 1998). The paradox is that species recognition favours stabilising 
selection on species-specific characters, but divergence of signals can only result from 
strong directional selection or genetic drift. Therefore, it is necessary to evaluate the 
amount of variation within the species in relation to divergence between species to 
understand the nature of evolution and the role of selection on these quantitative mating 
signals. 

1.2  Genetic variation in quantitative traits 

The ultimate source of genetic variation is mutation, and much of the genetic variation in 
quantitative characters is maintained by a balance between mutation and selection (e.g. 
Roff 1997). Both stabilising selection against extreme phenotypes and disruptive 
selection favoring extreme phenotypes are predicted to lead to loss of genetic variation in 
quantitative traits. On the other hand, genetic variation in quantitative characters can be 
maintained by e.g. sexual selection through female preference on male traits (reviewed by 
Ryan 1998), heterozygote advantage (Barton & Turelli 1989) and frequency dependent 
selection (Roff 1998) or due to environmental effects on characters under strong selection 
(Houle 1992, Richie & Kyriacou 1996, Larsson et al. 1997, Merilä 1997). Random 
genetic drift and adaptation to different habitats during species expansion can also have 
an impact on introducing and maintaining genetic variation in quantitative traits. 

The patterns of variation (clines, geographic variation) within and between conspecific 
populations and different species provide information on the nature of selection pressures 
(natural or sexual) affecting the traits. Comparison of genetic variation in neutral 
molecular markers and quantitative phenotypic traits allows one to compare evolvabilities 
of the traits (how fast a character responds to selective pressures acting on it) and to make 
inferences about the forces that have an impact on genetic variability and population 
differentiation (e.g. Houle 1992). The lack of correlation between pair-wise distance 
matrices of molecular markers and trait data is expected to be due to selection on 
quantitative traits (Slatkin 1987, Spitze 1993). The relationship between genetic and 
quantitative variation can be analysed comparing Wright’s (1951) FST and related 
statistics for genetic variation with an analogous measure, QST (Spitze 1993) for 
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quantitative variation in phenotypic traits. Empirical studies have shown that neutral 
molecular markers predict population differentiation in quantitative traits poorly. In most 
cases the degree of differentiation in quantitative traits exceeds that in neutral molecular 
markers, suggesting selection has an important role in determining the genetic structure 
of population for quantitative traits (Merilä & Crnokrak 2001). Furthermore, quantitative 
characters are assumed to be polygenic and influenced by selection (natural or sexual), 
environmental adaptation, genetic drift and epistatic interactions, whereas single locus 
molecular markers used in population structure studies are expected to be neutral or 
nearly neutral and in mutation-drift equilibrium (McKay & Latta 2002). Alternatively, the 
trait evolution can be studied in a phylogenetic framework (Omland 1997, Mooers et al. 
1999, Bromham et al. 2002). 

1.3  Analysis of variation in quantitative phenotypic traits 

1.3.1  Genetic basis of mating signals 

Courtship is a complex set of behaviours requiring several pleiotropic genes to act co-
operatively on a distributed system in the brain and nervous system to produce the 
species-specific sequence of responses and actions (Greenspan & Ferveur 2000). In 
Drosophila, courtship between the male and the female consists of the exchange of 
sensory (olfactory, visual and chemical cues) information as a series of signal-response 
actions, which have a role in species recognition and sexual isolation (Kyriacou & Hall 
1982, Ritchie et al. 1998, Liimatainen & Hoikkala 1998, Tomaru & Oguma 1994). Male 
courtship songs, produced by wing vibration, are an essential part of the mating rituals in 
most Drosophila species (Ewing 1983). The genetic basis of variation in behavioural 
traits is assumed to be polygenic, caused by a large number of loci with very small and 
equal effects, which can hide a potential source of strong phenotypic effects through 
epistasis (Fisher 1915, Moreno 1994, Falconer & McKay 1996, Lynch & Walsh 1998). 

Genetic dissection of behavioural genes using mutation screening is a straightforward 
and efficient approach to address mechanistic questions of the molecular basis of 
behaviour. This has shown to be a successful approach in Drosophila melanogaster 
(Benzer 1973). Single genes with a major effect on song variation in D. melanogaster 
have been suggested to be good candidates when tracing genes responsible for species-
specific songs in other Drosophila species (e.g. Peixoto & Hall 1998). Changes in these 
candidate genes with a dramatic effect on phenotype (e.g. male song) can be caused by 
single point mutations in the coding sequence or in the regulatory region of the gene. 
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1.3.2  Candidate gene approach; no-on-transientA (nonA) gene 

The single-gene mutant approach has provided an efficient way to genetically dissect 
behavioural genes in D. melanogaster (reviewed by Greenspan 1997, Yamamoto et al. 
1997 and Peixoto & Hall 1998). Behavioural mutants have revealed a large set of genes 
with pleiotropic functions including many ion-channel genes, such as cacophony (von 
Silcher 1976, 1977), paralytic (Loughney et al. 1989), temperature-induced-paralyticE 
(Feng et al. 1995), slowpoke (Atkinson et al. 1991), and neuronal network genes involved 
in gene expression and RNA processing: no-on-transientA (Kulkarni et al. 1988), period 
(Kyriacou & Hall 1980, 1982), fruitless (Gailey & Hall 1989, Villella et al. 1997) and 
doublesex (Villella & Hall 1996). Association between sequence variability in candidate 
genes and phenotypic variation in quantitative traits, as well as manipulation of behaviour 
by gene transfer experiments, give further insight into the genetic basis of behaviour.  

The sex-linked nonA gene encodes a putative RNA-binding protein (Jones & Rubin 
1990), mutation in this gene affecting viability (Stanewsky et al. 1993), vision (Hotta & 
Benzer 1969) and the male courtship song (Kulkarni et al. 1988) of the fly. Mutational 
analyses have shown that if a coding region mutation affects the song it also affects 
vision, but not vice versa (Rendahl et al. 1992, 1996, Stanewsky et al. 1996). The NONA 
is expressed ubiquitously in all developmental stages (Rendahl et al. 1992), and the 
protein contains two internal domains of homology with the family of RNA Recognition 
Motif proteins (RRM), which is common to a number of single strand nucleic acid 
binding proteins. This suggests that nonA has a role in the control of transcription 
activity. The mutant allele of this gene, called dissonance, caused by a nonsynonymous 
substitution at site 548, produces abnormal courtship song with increasing polycyclicity 
and high amplitude in D. melanogaster (Kulkarni et al. 1988). The first RRM1 domain is 
necessary for all the known functions of NONA, and mutation in this region also cause 
defects in courtship song (Rendahl et al. 1996, Stanewsky et al. 1996). The N-terminal 
region of the NONA is highly diverged and repetitive, whereas the central and C-terminal 
regions are conserved between Drosophila species (Besser et al. 1990, Jones & Rubin 
1990, Campesan et al. 2001a). The repetitive regions in the coding sequence of nonA can 
have an impact on the evolution of secondary sexual characters (e.g. courtship song) in 
Drosophila as the Thr-Gly repeat in period gene has been shown to have in D. 
melanogaster (Wheeler et al. 1991). 

The nonA gene is of a special interest in song evolution studies, since point mutations 
in the coding region of the gene are known to affect male courtship song characters in D. 
melanogaster (Rendahl et al. 1992). Furthermore, gene transfer experiments of D. virilis 
nonA gene into D. melanogaster nonA mutants by Campesan et al. (2001b) suggested the 
gene carries species-specific information in courtship song, since some of the 
characteristics of D. virilis song were detected in D. melanogaster. The nonA gene is also 
a potential cause of song differences between the species of the D. virilis group because it 
is located on the same X chromosomal section as the gene(s) causing major differences 
between the songs of D. virilis and D. littoralis (Hoikkala et al. 2000, Päällysaho et al. 
2001). 
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1.3.3  Biometrical analysis of quantitative variation  

Traditional biometrical studies, based on generation means and variances of the studied 
traits, allow one to study the relative magnitude of additive, dominance and epistatic 
interaction as well as to estimate the effective number of genes (e.g. Lande 1981a, Zeng 
et al. 1990, Lynch & Walsh 1998) contributing to differences in quantitative traits 
between populations or species. It may also be possible to draw some conclusions about 
the selection pressures affecting the evolution of the trait. The major drawback of 
estimating the number of genes is the dependence on various underlying assumptions (the 
loci affecting the character are unlinked, the effects of different alleles are equal, epistasis 
is minimal and one parental strain contains all the increasing alleles whereas the other 
parental strain all the decreasing alleles, Lande 1981a, Zeng et al. 1990).  

Several biometric studies have confirmed the polygenic nature of courtship song in 
species of the D. melanogaster (Colegrave et al. 2000, Coyne 1992, Cowling & Burnet 
1981, Cowling 1980, Kawanishi & Watanabe 1980, 1981, Kyriacou & Hall 1986, Ritchie 
et al. 1994, Ritchie & Kyriacou 1996, Pugh & Ritchie 1996), D. auraria (Tomaru & 
Oguma 1994), D. obscura (Ewing 1969 but see Noor & Aquadro 1998) and D. virilis 
(Hoikkala & Lumme 1987) groups. 

1.3.4  QTL mapping methods 

The quantitative trait loci (QTL) mapping method has been used since Sax (1923) 
showed that QTLs (affecting bean seed weight) could be mapped by linkage to visible 
markers (seed colour morphs in bean). The utility of marker-assisted QTL mapping 
methods gives a higher resolution of the genetic architecture of behavioural traits than 
traditional biometric analyses by providing information on the number of loci affecting 
the trait, the average gene action (additive, dominance), epistatic interactions and 
environmental effects on phenotype (Falconer & Mackay 1996, Mather & Jinks 1982). 
The idea of mapping individual polygenes controlling quantitative traits is based on the 
detection of an association between the trait and the markers by linkage disequilibrium 
(non-random association of alleles at different loci within gametes). 

QTL mapping requires construction of a polymorphic marker linkage map and 
parental strains that differ genetically in the studied trait. The strains are crossed to 
produce a mapping population of backcrosses, F2 hybrids or recombinant inbred (RI) 
lines to maximise linkage disequilibrium between loci. The phenotype and the genotype 
(in multiple marker loci) is assessed for each individual in the mapping population to test 
statistically whether there are significant phenotypic differences between different marker 
genotype classes. The evidence for a particular QTL at a particular chromosomal position 
can be displayed as likelihood-ratio test statistics (LR) plotted against the chromosomal 
map position and measured in recombination units (cM). The significance level for QTL 
is obtained using permuting or bootstrapping procedures. The power of QTL analyses to 
detect genes affecting the trait depend on the trait heritability, marker map density, 
sample size and the statistics used in mapping (Mackay 2001). 
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There are three types of widely used genetic markers for QTL mapping: phenotypic 
markers (mutants), protein markers (allozymes) and DNA markers. The last-mentioned 
markers are based on amplification with the polymerase chain reaction (PCR, Mullis & 
Faloona 1987, Saiki et al. 1988) and can further be classified as RFLP (restriction 
fragment length polymorphism, Botstein et al. 1980), SSCP (single strand conformation 
polymorphism, Orita et al. 1989a,b), STSs (sequence tagged sites, e.g. Olson et al. 1989), 
RAPD (random amplified polymorphic DNA, Williams et al. 1990), ESTs (expressed 
sequence tags, e.g. Bokuski et al. 1993), microsatellites (Tautz 1989) and AFLP (arbitary 
fragment length polymorphism, Vos et al. 1995) markers.  

The availability of molecular marker linkage maps for quantitative studies has made it 
possible to develop several statistical techniques for mapping quantitative trait loci. 
Single marker methods (t-test, ANOVA, linear regression and likelihood estimation, 
reviewed by e.g. Liu 1998) do not require information on gene order or complete marker 
linkage maps. Disadvantages of these methods are a low statistical power when few 
markers are used, biased estimates of QTL effects and difficulty in determining QTL 
positions. Interval mapping (IM, Lander & Botstein 1989) uses one or two pairs of 
markers at a time to assess the probability that an interval between two markers is 
associated with a QTL affecting the trait. Composite interval mapping (CIM, e.g. Zeng 
1994) provides better and more accurate results by combining the IM technique with 
multiple regression analysis as well as controlling for the effects of other markers on the 
trait. Multiple interval mapping (MIM, Kao & Zeng 1997, Kao et al. 1999) combines 
multiple QTL mapping analysis with analysis of number, positions, effects and epistasis 
between QTL. Bayesian QTL mapping methods are useful for incomplete data with 
frequent missing genotypes and unknown genotypic information from grandparents 
(Satagopan et al. 1996, Sillanpää & Arjas 1998). 

1.4  Study species and the choice of markers 

1.4.1  Drosophila virilis as a model species in quantitative genetics 

The D. virilis group (Diptera, Drorophilidae) includes twelve closely related species or 
subspecies (Throckmorton 1982, Spicer 1991, 1992), whose genetics, biology and 
evolution, as well as sexual isolation, morphology, ecology and behavioural characters 
have been extensively studied (e.g. by Patterson & Stone 1952, Throckmorton 1982, 
Hoikkala et al. 1982, Liimatainen & Hoikkala 1998). The divergence time of the D. 
virilis species group from D. melanogaster has been estimated as about 40–60 mya 
(Powell & DeSalle 1995, Russo et al. 1995), the estimated divergence time between the 
species of the main subgroups, virilis and montana, being about 9.0 ± 0.7 mya 
(Nurminsky et al. 1996, Figure 1). Phylogenetic trees based on morphological, 
cytological, molecular and behavioural data are established for the D. virilis species 
group (Throckmorton 1982, Spicer 1991, 1992, Spicer & Bell 2002). 

D. virilis, the model species of the group, has spread around the northern hemisphere 
with humans, being mainly found in breweries, timber yards and fruit warehouses. It 
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probably originated from Asia, where wild populations have been collected 
(Throckmorton 1982). D. virilis is an exceptionally convenient model species for 
evolutionary, behavioural and quantitative studies since polytene chromosome maps 
(Gubenko & Evgen’ev 1984), large numbers of visible markers (Alexander 1976), some 
molecular markers (Schlötterer & Harr 2000) and a P1 bacteriophage library 
(Lozovskaya et al. 1993, Vieira et al. 1997) are available for the species. Large 
collections of D. virilis strains representing the species’ worldwide distribution range are 
valuable for various molecular and evolutionary studies, since wild D. virilis population 
samples are difficult to obtain in spite of extensive collecting efforts made during the last 
years (W. Zhang, H. Watabe, A. Hoikkala and R. Butlin, pers. coms.). 

 

Fig. 1. Consensus phylogeny of the D. virilis group species according to Spicer (1992) and the 
oscillograms of male courtship songs for each species. 
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1.4.2  Evolution of male courtship song in D. virilis group species 

The male courtship songs of the D. virilis group species consist of trains of polycyclic 
sound pulses produced by male wing vibration (Hoikkala et al. 1982). The song has an 
important role in species recognition (Liimatainen & Hoikkala 1998) and in sexual 
selection within the species in the wild (Aspi & Hoikkala 1995). The courtship songs of 
the species in the montana subgroup (D. kanekoi, and the subsequent species in Figure 1) 
have unique songs differing from each other especially by the interpulse interval 
(Hoikkala & Lumme 1987). The songs of the virilis subgroup species are not strictly 
species-specific; all species of the virilis subgroup (Figure 1, species from D. a. 
americana to D. virilis) have songs consisting of long pulse trains without any pauses 
between the successive sound pulses. Hoikkala & Lumme (1987) have suggested that an 
X-chromosomal major change has allowed variation in interpulse interval (IPI) during the 
divergence of these two D. virilis subgroups (Spicer 1991, 1992). Unidirectional selection 
has been suggested to cause longer and denser pulse trains in the virilis subgroup 
(Hoikkala & Lumme 1987), whereas the direction of evolution in the montana subgroup 
has gone towards shorter pulses and longer pauses between the successive sound pulses 
(Päällysaho et al. 2003). 

The importance of acoustic signals during courtship seems to vary among the species 
of the D. virilis group (Liimatainen et al. 1992, Aspi & Hoikkala 1995). Undoubtly, male 
courtship song has a stimulatory effect on female during courtship. For example, for D. 
montana and D. ezoana females the courtship song is a prerequisite to proceed to 
copulation (Hoikkala 1988, Liimatainen et al. 1992), whereas D. virilis females have a 
low acceptance threshold and they can accept wingless (mute) males as well as non-
conspecific males as their mating partner in no-choice situations, at least under laboratory 
conditions (Hoikkala et al. 1998, Isoherranen et al. 1999a, Watanabe & Kawanishi 1979). 
D. virilis females have a high mating drive and a low discrimination level. They are also 
very sensitive to auditory signals and they often spread their wings as a sign of 
acceptance after hearing male song (Spieth 1951, Ewing 1983). Song simulation studies 
have shown that D. virilis females are able to recognise some species-specific characters 
in male courtship song, and that there is variation among females in their preferences 
(Isoherranen et al.1999b). 

1.4.3  Microsatellites 

Microsatellites (Litt & Luty 1989), simple sequences (Tautz 1989) or short tandem 
repeats (STRs, Edwards et al. 1991) are repeated sequence motifs, whose unit of 
repetition is between one to six base pairs. They are highly abundant in the euchromatic 
part of the genome, polymorphic and codominant and relative fast to score by PCR and 
automated genotyping techniques. Therefore, microsatellites markers are a powerful tool 
for genome mapping projects, positional cloning, forensics and population genetic 
analyses (e.g. studies of phylogeography, population structure, gene flow, kinship and 
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parentage) as well as for studies in ecology and phylogenetic relationships (reviewed by 
e.g. Schlötterer 2000, 2001). 

Microsatellite variability is mainly allelic length variation due to differences in the 
number of repeat units between alleles, which results mainly from slipped strand 
mispairing during DNA replication (Levinson & Gutman 1987). Microsatellite mutation 
rate is higher (10-6–10-2/locus/generation, e.g. Schlötterer 2000) than point mutation rate 
in eukaryotic DNA sequences. Several studies have also demonstrated a positive 
correlation between microsatellite repeat length and mutation rate in humans, Drosophila, 
yeast and birds (reviewed by Ellegren 2000, Schlötterer 2000). Microsatellite mutation 
rates are affected by genomic location, recombination rate, slippage rate, flanking 
sequence, repeat type and repeat number and selection (reviewed by Schlötterer 2000). In 
addition, there is evidence of size-dependent mutation mechanism: long microsatellite 
alleles have a downward mutation bias (Schlötterer et al. 1998, Harr & Schlötterer 2000), 
and there are also differences in mutation rates between species, sex, loci and alleles 
(Harr et al. 1998, Ellegren 2000, Primmer et al. 1998). Although microsatellite markers 
provide an excellent tool for different kinds of studies, the evolutionary processes and 
mutational mechanisms are less well understood. Several mutation models (Kimura & 
Crow 1964, Kimura & Ohta 1978, DiRienzo et al. 1994, Crow & Kimura 1970) have 
been developed to explain the mechanism for the observed variation in these markers. 
Understanding of the nature of the microsatellite mutational processes is particularly 
important in population genetic analyses that require mutation rate estimates. 

It is generally assumed that microsatellites are generated by chance by random point 
mutations followed by slippage events during replication (Levinson & Gutman 1987). 
There are differences in microsatellite length distribution, abundance and the repeat types 
between species and also within chromosomes of the organism. In Drosophila, 
microsatellite density is reduced in centromeric regions of the chromosome (Pardue et al. 
1987), the variability in X chromosomal and autosomal microsatellites being different 
(Kauer et al. 2002). The exact function of microsatellites is unknown but there is 
evidence especially in dinucleotide repeats to be associated with the Z-DNA formation 
(e.g. Ho et al. 1986) and on the presence of microsatellite sequences in promoter regions, 
possibly to enhancing or inhibiting gene expression (reviewed by Kashi & Soller 1999). 
Trinucleotide repeats in gene coding sequences have been implicated in a number of 
human genetic diseases (e.g. Fragile X syndrome, myotonic dystrophy and other 
neurodegenerative disorders), where the repeat number is positively correlated with the 
severity of the disease (e.g. Rubinsztein 1999). In Drosophila, trinucleotide repeats in the 
coding region of the period gene show a striking effect on phenotype, since amino acid 
changes in the repeat containing region are associated with species-specific courtship 
song in D. melanogaster and D. simulans (Wheeler et al. 1991). Despite variation in 
some microsatellites being associated with changes in phenotype, the large fraction of 
microsatellites is considered to be neutral and feasible for various genetic studies as 
molecular markers. 

There are several hundreds of phenotypic markers available for D. virilis (Alexander 
1976), which can be used for analysing variation and the genetic basis of male courtship 
song characters by classical biometrical methods. The power of phenotypic markers for 
identifying genes underlying song variation is, however, limited, and therefore molecular 
markers are required for utilising sophisticated QTL mapping methods. To date, there are 
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six X-chromosomal restriction fragment length polymorphism (RFLP) markers available 
(Päällysaho et al. 2001) for D. virilis and eleven microsatellite markers for the fourth 
chromosome of D. virilis (Schlötterer & Harr 2000). These markers do not cover the 
whole genome of D. virilis and more molecular markers (e.g. microsatellites) are still 
required for a detailed QTL mapping analyses on male song variation. 

1.5  Goals of this work 

My thesis consists of studies on the genetic basis of variation in male courtship song 
characters in D. virilis using several approaches: a candidate gene (papers I and II), a 
biometrical (papers IV and V) and a QTL mapping (paper VI) method. In paper I, the 
level and pattern of nucleotide variability at no-on-transientA, (nonA) gene was analysed 
within D. littoralis and between D. littoralis, D. virilis and D. melanogaster to detect any 
fixed substitutions in the coding region of the gene between D. littoralis and D. virilis, 
and to find out whether this gene has been affected by selection for species-specific song 
characters in D. virilis group species. In paper II, we studied possible association between 
nucleotide and repeat length variation in nonA and intra- and interspecific differences in 
male courtship song characters in the species of the D. virilis group.  

I next identified microsatellite markers for D. virilis and studied their cross-species 
amplification in the members of the D. virilis group (paper III). These molecular markers 
were utilised in the analysis of genetic variation among D. virilis strains representing the 
species’ worldwide distribution range, and to relate genetic variation to quantitative 
variation in male song characters (paper IV). High levels phenotypic (song) and genetic 
variation in D. virilis enabled biometrical studies on the inheritance in song characters 
(paper V). Here, we estimated the additive and dominance effects and the contribution of 
autosomes, sex-chromosomes and epistatic interactions on the genetic architecture of 
courtship song characters in D. virilis. The number of effective factors (nE) contributing 
to variance in two male courtship song characters was also obtained. Analysis of 
intraspecific variation in microsatellite markers and courtship song characters provided 
suitable parental strains for a QTL analysis (paper VI). Marker-assisted methods with a 
set of microsatellite markers and F2 generation males as a mapping population were 
utilised in a QTL study to analyse the genetic basis of variation in male courtship song 
characters in D. virilis. 



2 Material and Methods 

The materials and methods are given here only briefly. More detailed descriptions are 
found in the original papers (I–VI). 

2.1  Flies and crosses 

The list of the laboratory strains of D. virilis group species used is given in each original 
paper (I–VI). Wild-caught D. littoralis males were collected during summer 1999 from 
three locations in Finland (Kemi, Kuopio and Savonlinna, paper I). The flies were raised 
in standardised conditions at 19°C in continuous light. They were sexed after eclosion at 
the age of 1–2 days under CO2 anesthesia and used for courtship song recordings and/or 
crossing experiments when reproductively mature (7–10 days old in D. virilis and 21–25 
days old in other D. virilis group species). 

For biometrical analysis of quantitative variation in male courtship song in D. virilis 
(paper V), we conducted 16 different crosses (reciprocal F1, F2 and backcrosses) between 
strains 1431 (England, collected 1981) and B22 (Japan, collected 1986). Five males and 
females were mated in each vial, and the flies were transferred into new vials after every 
5–7 days. 

Microsatellites were grouped into linkage groups on each D. virilis major chromosome 
and their relative order in each linkage group (paper VI) was determined by crossing the 
females of the marker strain YPE with the males of the strain 1431 and backcrossing F1 
hybrid flies reciprocally with the YPE marker strain flies. The marker strain YPE has the 
following recessive mutant genes on different chromosomes: yellow (y) on the X 
chromosome, broken (b) on chromosome 2, gapped (gpL2) on chromosome 3, cardinal 
(cd) on chromosome 4 and peach (pe) on chromosome 5. 
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2.2  Courtship song 

For quantitative trait analysis (papers II, IV and V), the male courtship song was recorded 
for each individual male when the male was courting a laboratory-reared female in a 
mating chamber (diameter 5.5. cm, height 1.3 cm) with a nylon net roof. The floor of the 
chamber was covered with a moistened filter paper. The song recordings were made with 
a Sony TC-FX33 cassette recorder and a JVC-condenser microphone between 9 and 12 
a.m. at 20 ± 1°C.  

Analysis of the male courtship song from the oscillograms was conducted using the 
SIGNAL Sound Analysis System (©Engineering Design). Six characters were measured 
for each song: the length of the pulse train (PTL), the number of pulses in a pulse train 
(PN), the length of a pulse (PL), the number of sound cycles in a pulse (CN), the 
interpulse interval (IPI, time from the beginning of the pulse to the beginning of the next 
one) and the carrier frequency (FRE, determined from the Fourier spectra). 

2.3  Molecular methods 

2.3.1  DNA sequence analysis 

Genomic DNA (papers I and II) was isolated using the Puregene DNA isolation kit 
(Gentra corp.) according to the instructions of the supplier, and the amplified PCR 
fragments of nonA gene were sequenced using the dye terminator chemistry on ABI 377 
sequencer (Applied Biosystems). DNA sequence data was edited using Chromas v. 1.43 
(McCarthy 1996–1997, http://www.seqwright.com/chromas/Page.html) and aligned in the 
ClustalX program (Thompson et al. 1997, http://inn-prot.weizmann.ac.il/software 
/ClustalX.html). Sequence analyses were performed with Dnasis (Hitachi Software 
Engineering Co), Seqweb v. 10.0 of the GCG packet (http://www.accelrys.com 
/products/seqweb/) and CodonW v. 1.4.2. (http://bioweb.pasteur.fr/seqanal/interfaces 
/codonw.html). The estimates for nucleotide variation were calculated using DnaSP 
(Rozas & Rozas 1997, http://www.ub.es/dnasp/), Proseq v. 2.4.3 (Filatov 2001, http:// 
helios.bto.ed.ac.uk/evolgen/filatov/proseq.html) and DNA Slider (McDonald 1998, 
http://udel.edu/~mcdonald/aboutdnaslider.html) programs. 

2.3.2  Microsatellite isolation and data analysis 

The high salt DNA extraction method (Miller et al. 1988) was used in papers III, IV and 
VI. In paper III, microsatellites were identified for D. virilis using three different 
approaches: genomic and P1 bacteriophage library screens and GenBank search, which 
followed the standard protocols described by Schlötterer (1998). Positive clones carrying 
a microsatellite were sequenced using Amersham sequencing chemistry (Pharmacia) on 
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an ABI 377 automatic sequencer (Applied Biosystems). Primers were designed from the 
flanking sequences of the microsatellite using Oligo Primer Analysis Software v. 5.0 
(Rychlik et al. 1990) to amplify PCR products of 100–180 bp in length.  

Radioactive genotyping of microsatellites (papers III, IV and VI) followed the 
standard protocols described in Schlötterer (1998). After PCR with γ32P-ATP labelled 
forward primer, the amplified products were separated on 7% denaturing polyacrylamide 
gel and visualized by autoradiography. Allele sizes were determined by running a ‘PCR’ 
slippage ladder (Schlötterer & Zangerln 1999) and a known PCR product amplified from 
mp13MP vector (papers III and IV) or parental strains 1431 and B22 for genotyping F2 
male progeny (paper VI). 

The basic measures for microsatellite variability were obtained using MSA program 
(Dieringer & Schlötterer 2003, http://i122server.vu-wien.ac.at/), and statistical analyses 
were conducted using Microsat2 (Minch et al. 1997, http://hpgl.stanford.edu/projects 
/microsat/microsat.html), Genepop (Raymond & Rousset 1995, http://wbiomed.curtin. 
edu.au/genepop/), Arlequin (Schneider et al. 2000, http://lgb.unige.ch/arlequin/software/) 
and ‘structure’ (Pritchard et al. 2001, http://pritch.bsd.uchicago.edu/) programs. 
Phylogenetic trees were constructed using Neighbor and Consense programs in the 
Phylip v. 3.6 software (Felsenstein 1993, http://evolution.genetics.washington.edu 
/phylip.html) and visualised using Treeview program (Page 1996, http://taxonomy. 
zoology.gla.ac.uk/rod/treeview.html). 

2.4  Biometrical methods 

All basic statistical analyses in papers II, IV, V and VI were conducted using the SPSS 
program (©SPSS Inc. 1989–2000). In paper IV, a nested ANOVA was used to measure the 
amount of variation in male courtship song between and within geographic populations of 
D. virilis. Differences in male courtship song characters between strains were studied 
with a multivariate analysis of covariance (MANCOVA) taking the age of the strains into 
account. Analysis of variation in male song characters between geographic populations 
was done using hierarchical ANOVA and discriminant analysis. 

In paper V, the effects of additive and dominance variation, epistatic interactions and 
maternal factors on male song characters were analysed using a joint scaling test, in 
which the amount and significance of these factors were estimated simultaneously from 
several generation character means using the maximum likelihood method (Mather & 
Jinks 1982, Kearsey & Pooni 1996, Lynch & Walsh 1998). The contrast analysis of 
variance was utilised to detect significant contributions of autosomes, Y-chromosome, 
permanent cytoplasmic factors, transient maternal factors and interaction effects (de Belle 
& Sokolowski 1987). Castle-Wright estimators (Lynch & Walsh 1998) were estimated for 
the number of factors (nE) contributing to differences in means of courtship song 
characters in PN and PTL in D. virilis. As originally suggested by Wright (1968), the 
method relates the difference in the means of two inbred lines to the segregational 
variance, which is the variance in a character that appears in the F2 and backcross 
generations as a consequence of the segregation of parental strain genes. The iterative 
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process of Hayman (1960) was used to calculate the maximum-likelihood estimates of 
the parental and segregational variances as described by Lynch & Walsh (1998, pp. 226–
231). Goodness-of-fit was determined by χ2 test that compared the observed variances 
with the maximum-likelihood estimates of those variances in the additive model (Lynch 
& Walsh 1998). 

2.5  QTL mapping 

2.5.1  Construction of marker map 

The recombination linkage map of microsatellites was constructed with Mapmaker/Exp 
3.0 program (Lander et al. 1987) using the Haldane mapping function. Grouping was 
done with minimum LOD score of 3.0 and maximum interval of 50 centimorgans (cM) as 
threshold values. First, the markers were divided into linkage groups with the aid of one 
visible marker on each of five major chromosomes and second, the relative order of 
microsatellite markers within each linkage group was assigned using backcross progeny 
between strain 1431 and a marker strain YPE (see 2.1 Flies and crosses). The F2 males 
used in QTL mapping were also used for constructing the marker map. The maps from 
backcross and F2 data were combined using the Joinmap 2.0 program (Stam 1993, Stam 
& Van Ooijen 1995). The recombination linkage map was visualised using MapChart v. 
2.1 program (Voorrips 2002). 

2.5.2   Mapping methods 

The QTL work was conducted to analyse the genetic basis of variation in male courtship 
song characters PN and PTL in D. virilis. The courtship song of 890 F2 progeny males 
were recorded and analysed (paper V). In paper VI, 520 of the 890 F2 males were 
genotyped for 26 microsatellite loci (paper III). Single marker regression was used to 
analyse each marker separately for an association with song variation among the F2 
males. Also, two different QTL mapping methods, interval mapping (IM, Lander & 
Botstein 1989) and the composite interval mapping (CIM, Zeng 1994), were applied to 
the data using QTL Cartographer v. 1.12 package (Basten et al. 1997). CIM was analysed 
with seven (for PN) and five (for PTL) markers to control for genetic background, which 
were obtained using backward-forward stepwise regression method. The significance of 
QTLs was tested by estimating the likelihood ratio score, LR, defined as -2ln(L0/L1), 
where L0/L1 is the ratio of the likelihood under the null hypothesis (there is no QTL in the 
interval) to the alternative hypothesis (there is a QTL in the interval). The LR score was 
converted to LOD scores (likelihood of odds, Lander & Botstein 1989) and plotted 
against the microsatellite markers along each linkage group. Experiment-wise threshold 
values (p = 0.05) for detecting significant QTLs in each analysis were obtained by 
randomly permuting the trait data 1000 times. 



3 Results and Discussion 

3.1  Candidate gene approach: no-on-transientA gene 

3.1.1  Analysis of nucleotide variation at nonA gene 

Using a candidate gene approach, the nucleotide variation at the nonA gene within and 
between the species of the D. virilis group was studied to detect deviations from 
neutrality, i.e. whether this gene has been affected by positive selection and hence 
contributes to species-specificity of male courtship song characters. 

The entire coding region of the nonA gene was sequenced in D. littoralis (2097 bp), 
and compared with that of D. virilis and D. melanogaster (paper I). The overall structure 
of the D. littoralis nonA gene was similar to that of the two other Drosophila species (see 
Figure 1 in paper I). All portions of the gene were conserved between D. virilis group 
species (D. littoralis and D. virilis, amino acid identity 97.7%), whereas the 5’ region 
showed high divergence in comparison with D. melanogaster NONA protein sequence 
(amino acid identity varied between 54.7% and 55.1%). The Tajima’s D (1989) and 
McDonald-Kreitman tests (1991), calculated for nucleotide variation, and Ka/Ks ratio test 
(comparing nonsynonymous vs. synonymous substitutions) showed no deviation from 
neutrality either within D. littoralis or between the three Drosophila species. This 
suggests that replacement substitutions in nonA are not targets of strong positive 
selection, but rather are under strong constraint. Low codon bias observed in all three 
species suggests that the nonA gene has not been affected by selection for speed and 
accuracy of translation, either. D. littoralis, D. virilis and D. melanogaster did not have 
any amino acid differences at the site of the dissonance song mutation (site 548 of NONA 
protein in D. melanogaster, Rendahl et al. 1996) or in RRM1 region, where point 
mutations are known to affect courtship song in D. melanogaster (Rendahl et al. 1996). 
These findings suggest that the species differences in courtship song cannot be caused by 
a point mutation in these coding region sites of the nonA gene. Our study does not, 
however, exclude the possibility of substitutions in the 5’ regulatory region of the nonA 
gene to have a major impact on the species-specificity of courtship song. 
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Interspecific nucleotide variation (paper II) in all species of the D. virilis group was 
studied in two Gly repeat containing regions located in exons 2 (~589 bp) and 3 (~489 
bp), which varied most profoundly between the three Drosophila species (paper I). 
Species comparisons showed nonsynonymous substitutions to be more common in the 
Gly2 than in the Gly3 repeat region (6 vs. 1 substitution, respectively). There were no 
amino acid substitutions in the RRM1 motif that could have had an impact on courtship 
song differences in D. virilis group species. The neutrality of nucleotide variation was 
confirmed with a McDonald-Kreitman (1991) test. 

Intraspecific variation in repeat containing regions of the nonA gene was studied in D. 
virilis and D. littoralis (papers I and II). The analysis of the two Gly repeat regions (in 
exons 2 and 3) among eleven D. virilis laboratory strains showed they contained no 
replacement polymorphisms and showed similar levels of variability at silent sites as 
previously found for other X-linked genes in D. virilis (about 1%, Vieira & Charlesworth 
1999, 2000). Tajima’s D test showed no signs of deviation from neutrality in either 
region. A similar intraspecific study was conducted using wild-caught D. littoralis males 
representing three Finnish populations (six males from Oulu, Kuopio and Savonlinna) 
and a laboratory strain 1007 (from Zürich, Zwitzerland) in three Gly containing regions 
(in exons 1, 2 and 3 of length 405 bp, 514 bp and 495 bp, respectively). The level of 
synonymous nucleotide variability in the three regions (1.4–2%) was of the same level as 
observed in D. virilis. Tajima’s D statistics showed selective neutrality also in D. 
littoralis. Three nonsynonymous substitutions were found in Gly1 repeat containing 
region. This finding is not unexpected, since this region is at the 5’ region of the nonA 
gene, which is highly diverged between D. virilis group species and D. melanogaster. 

The lack of deviation from neutrality in the nonA gene in both studies (papers I and II) 
strongly suggests that the nonA gene has not been affected by strong directional selection 
(sexual or natural) in its recent history. 

3.1.2  Association between variation in Gly repeats and male song 
characters 

The existence of several repetitive Gly coding regions (paper I) in nonA raises the 
question of whether the variation in repeat regions is associated with courtship song 
differences among D. virilis group species as has been found in the Thr-Gly repeat 
containing region in another courtship song gene, period (Wheeler et al. 1991). In papers 
I and II we studied the association between the patterns of length and/or amino acid 
variation in the repeat containing regions of nonA gene and song variation within and 
between the species of the D. virilis group. Intraspecific length variation in Gly2 repeat 
was higher in D. virilis than in D. littoralis (Gly27–31 vs. Gly20–22, respectively), whereas 
length variation in Gly3 repeat was opposite (Gly11–12 vs. Gly9–13, respectively). 
Interspecific comparison showed that all twelve D. virilis group species had Gly coding 
repeats in both 5’ and 3’ regions of the gene (in exons 2 and 3). The Gly2 repeat was 
perfect in its amino acid composition and varied between 17 and 31 units in length 
among the species, except in D. a. americana and D. novamexicana, which had an Ala 
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interruption within the Gly2 repeat. The Gly3 repeat varied in amino acid composition 
between the species, but showed less length variation than Gly2 repeat. In addition, the 
amino acid composition within this repeat clustered the species into three main groups, 
fitting with the consensus phylogeny of the D. virilis group represented by Spicer (1992): 
virilis subgroup (species from D. virilis to D. lummei had one Asn), D. ezoana, D. 
littoralis and D. kanekoi lineages of montana subgroup had two Asn, and the rest of the 
species of montana subgroup (D. flavomontana and the subsequent species) had Asn-Ser 
within the Gly3 repeat (see Figure 3 in paper II). Similar phylogenetic information in the 
Thr-Gly repeat region length in period gene has been shown in D. willistoni group 
species (Gleason & Powell 1997).  

In the D. virilis group, all species of the virilis subgroup (D. virilis to D. lummei, 
Figure 3 in paper II) have songs consisting of long pulse trains without any pauses 
between the successive sound pulses, while the species of the montana subgroup (D. 
ezoana and the subsequent species, Figure 3 in paper II) have unique songs differing from 
each other especially by the interpulse interval (Hoikkala & Lumme 1987). Hence, the 
amino acid sites that would be responsible for the structure of the songs should be similar 
in the species of the virilis subgroup, but vary between the remaining species with 
diverged songs. No correlation was detected between the number of units in Gly2 repeat 
and song characters either in intraspecific (D. virilis and D. littoralis) or interspecific 
comparison of D. virilis group species. In contrast, interspecific comparisons revealed an 
association between amino acid variation in Gly3 repeat and variation in four song 
characters (PN, PL, CN and IPI). The number of pulses in a pulse train (PN) was highest 
in the species having Asn in the Gly3 repeat (virilis subgroup), while PLs and IPIs were 
longest and CN highest in species having two Asn or Asn-Ser in the Gly3 region (i.e. 
montana subgroup species). It is, however, difficult to determine whether the amino acid 
differences between the species reflect song divergence or rather the phylogenetic 
relationships of the species. The latter possibility is supported by the fact that the song 
characters show no consistency within the groups having two Asn or Asn-Ser (compare 
the songs of D. borealis and D. flavomontana, Figure 3 in paper II). 

In D. melanogaster the Thr-Gly repeat length variation in period gene shows a 
latitudinal cline maintained by natural selection (Costa et al. 1991). This is the only 
example so far where amino acid changes in the repeat containing region has been found 
to affect species-specificity of courtship song (Wheeler et al. 1991). Michalakis & Veuille 
(1996) have shown the length variation in Glu coding repeats to be neutral in eleven 
genes in D. melanogaster as we have now found the Gly repeat length variation to be in 
nonA gene in D. virilis group species. Our data do not give support to the idea that either 
the coding region substitutions (causing song variation in D. melanogaster) or the Gly 
repeat length variation in nonA gene are associated with song differences between the 
species in D. virilis group. We were not able to find an explanation to the finding of 
Campesan et al. (2001b), where the courtship song of transformant D. melanogaster 
males having a nonA gene of D. virilis showed several features characteristic to D. virilis 
song. nonA could still have a small contribution on song differences within and between 
species in D. virilis group, possibly due to changes in the regulatory or promoter region 
of the gene. Gleason et al. (2002) have recently shown that the candidate song genes 
isolated by mutation screens do not coincide with the QTL positions obtained by QTL 
mapping analysis in D. melanogaster, which reduces the possibility that these genes 
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would induce quantitative variation in song traits within or between the species. QTL 
mapping allows an alternative approach to screen for QTLs (and new candidate genes) 
affecting male courtship song. 

3.2  Development of molecular markers for D. virilis 

3.2.1  Identification of microsatellites 

In paper III, 42 microsatellite loci were characterised for D. virilis. Identification of 
molecular markers was necessary to analyse the patterns of genetic variation in D. virilis 
and its relation to quantitative variation in male courtship song characters within the 
species (paper IV), since the candidate gene approach did not suggest it would be fruitful 
to analyse the patterns of variation in other D. melanogaster song candidate genes. 
Furthermore, development of molecular markers was a prerequisite to conduct a QTL 
study of genetic basis of variation in male song characters in D. virilis (paper VI).  

The screening of microsatellites from a partial genomic DNA library resulted in 42 
positive clones, which were sequenced. All types of microsatellites were characterised: 
pure (42.9%), compound (38.1%) and interrupted (19.1%), most of the microsatellites 
being dinucleotide repeats. The length of the cloned dinucleotide repeats varied between 
5 and 29 (mean 12.3 units), which is similar to that reported previously for D. virilis (12.7 
repeats for 26 loci, Schlötterer & Harr 2000). In addition, over one third (36.6%) of the 
squenced clones carrying a microsatellite contained more than one dinucleotide repeat 
(> 5 or more repeats in length) either adjacent or close to each other indicating the 
tendency of microsatellites to cluster as observed also in D. melanogaster (Bachtrog et al. 
1999). Altogether, the primers were developed for 22 loci obtained from genomic DNA 
screen, for 11 loci obtained by GenBank search and for 9 loci cloned from mapped P1 
bacteriophage clones of D. virilis (Vieira et al. 1997). Four P1 cloned loci were 
characterised for X chromosome (sections 5D, 11C and 17D), two for the second 
(sections 20D and 21A) and third chromosome (section 32F) and one for the fifth 
chromosome (section 59A) of D. virilis. 

Schlötterer & Harr (2000) have shown that microsatellites are longer and more 
variable in D. virilis than in D. melanogaster. This was also supported in our D. virilis 
data. The average expected heterozygosity among 48 loci in D. virilis (0.74, paper IV) 
was significantly higher than in 42 loci D. melanogaster (0.49, Mann-Whitney test, 
p < 0.0001, Bachtrog et al. 2000) as well as in the variance of the repeat number (14.52 
vs. 1.98 in D. melanogaster, Mann-Whitney test p < 0.0001, respectively). The estimated 
mean repeat number (13.46) from population data was significantly higher in D. virilis 
than in D. melanogaster (8.85, Bachtrog et al. 2000, Mann-Whitney test, p < 0.0001) 
assuming that all differences in microsatellite length were due to changes in repeat 
number only. The well-documented observation of longer microsatellites being more 
polymorphic than the shorter ones was evident also in D. virilis since all correlations 
between microsatellite variability measures and the maximum repeat number in D. virilis 
were statistically significant, namely the variance in the repeat number (Spearman rank 
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correlation, r = 0.67, p = 0.000) and heterozygosity (r = 0.40, p = 0.004). Microsatellite 
variability is assumed to be a function of mutation rate and effective population size (Ne). 
According to Schlötterer & Harr (2000) the existence of longer and more polymorphic 
microsatellites in D. virilis than in D. melanogaster is probably due to mutation rate 
differences since Ne in both species is assumed to be very similar (106, Vieira & 
Charlesworth 1999). Furthermore, the larger genome size of D. virilis (313 Mbp, Laird 
1973) than that of D. melanogaster (165 Mbp, John & Miklos 1988) and the greater 
proportion of satellite DNA (Gall 1973, John & Miklos 1988) may have an impact on 
higher microsatellite density in D. virilis than in D. melanogaster. 

3.2.2  Microsatellite cross-species amplification 

The utility of the isolated D. virilis microsatellite loci (paper III) for cross-species 
amplification was tested in all members of D. virilis group. Amplification of 42 
microsatellite loci was successful for all species in the D. virilis group (1–7 individuals 
tested). The amplification success reflected the divergence time between D. virilis and the 
species in D. virilis group (Nurminsky et al. 1996). All loci amplified in D. lummei, 
which is the closest relative of D. virilis (Spicer 1992), and the amplification success was 
very high also for the rest of the virilis subgroup species (D. a. americana: 95%, D. a. 
texana: 90% and D. novamexicana: 88%). The level of amplification was lower for other 
species in the group (45–88 %; D. ezoana and the subsequent species, see Table 2 in 
paper III). Twelve loci (vir19, vir33, vir34, vir38, vir47, vir12cs, vir17cs, vir24cs, msat4, 
msat11, msat21 and msat34) were successfully amplified in all species in the D. virilis 
group. The number of monomorphic loci varied between 4 (D. a. americana and D. 
littoralis) and 15 (D. novamexicana) and most of the loci (59–90%) were polymorphic in 
D. virilis group species. Several other studies have demonstrated the potential to amplify 
microsatellites using the same primers in species that have diverged for tens of mya 
(Schlötterer et al. 1991, Forbes et al. 1995, Primmer et al. 1996, van Treuren et al. 1997, 
Peakall et al. 1998) up to hundreds of mya (Karhu et al. 2000, Fitzsimmons et al. 1995, 
Rico et al. 1996). As the utility of D. virilis microsatellites for other species in the D. 
virilis group is based on the amplification success, these PCR products have to be 
sequenced to verify the presence of repeat motif and to assess homologous loci by 
comparing the flanking sequences with corresponding D. virilis sequences. This set of 
microsatellite loci can be applied in many genetic applications for D. virilis group species 
for phylogenetic analyses, phylogeographic population structure studies, QTL studies, 
microsatellite mutation and evolution studies of the D. virilis species group.  
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3.3  Patterns of variation in genetic and phenotypic (song)  
level in D. virilis 

Paper IV deals with the patterns of variation at genetic and phenotypic (song) level in D. 
virilis. Molecular variation was studied in 39 strains using 48 microsatellite loci 
described by Schlötterer & Harr (2000) and Huttunen & Schlötterer (paper III), and 
quantitative variation was measured in five song characters (PN, PTL, PL, CN and FRE) 
for 30 strains of D. virilis representing the species’ worldwide distribution range. Both 
genetic and phenotypic variation showed significant geographic variation among D. 
virilis strains, corresponding to four main continental regions of the species’ distribution 
area (America, Asia, Europe and Japan). Comparing the variation in these two levels 
enabled inferences to be made about the effect of selection and random genetic drift on 
secondary sexual characters (male courtship song). 

Microsatellite variability analysed for 48 microsatellite loci in 39 D. virilis strains was 
high, measured as expected heterozygosity (0.74) and variance in the mean repeat 
number (14.5). The number of alleles in polymorphic loci ranged from 3 to 16 (average 9 
alleles) and only the tra locus was monomorphic among the analysed microsatellites in 
D. virilis. The lack of variation is not surprising since this microsatellite lies in the first 
exon of the transformer gene (O’Neil & Belote 1992). Possible population structure 
among the D. virilis strains collected worldwide was inferred using the ‘structure’ 
program, which is based on Bayesian statistics (Pritchard et al. 2000). Analysis supported 
the presence of four distinct populations with high probability (p = 0.88). The structure 
corresponded to four geographic populations representing the species’ distribution on 
each continent: America, Asia, Europe and Japan, which was highly supported in the 
assignment test using prior information on the geographic origin of the samples. Genetic 
variation measured by FST (Weir & Cockerham 1984) and exact tests (Raymond & 
Rousset 1995) showed significant population differentiation in all pair-wise comparisons 
(see tables 2 and 4 in paper V). Analysis of molecular variation (AMOVA, Excoffier et al. 
2000) showed a low but significant proportion of the molecular variation to be among 
four populations, the rest of the variation being among strains. In the present study the 
genetic differentiation of D. virilis strains followed the isolation-by-distance model 
(Slatkin 1993). The separation of American and Japanese populations from the European 
and Asian ones was highly supported (97%) in the consensus neighbor-joining tree 
(Figure 5 in paper IV). 

Quantitative variation in male courtship song characters showed high levels of 
variation among 30 D. virilis strains collected worldwide (see Table 5 in paper IV). 
Significant geographic variation among the strains from different continental regions 
(America, Asia, Europe and Japan) was detected in PN, PTL, CN and FRE but not in PL, 
when the age of the strains (5–53 years) was taken into account. The strains from 
continental Asia and Europe had longer pulse trains (higher PN and PTL) and higher 
carrier frequency (with increased CN) than the strains from Japan and America. The 
amount of variation between populations (up to 40.3%) was in most characters lower than 
within populations, except in FRE (59 %). No latitudal or longitudal cline was detected in 
any courtship song characters. Lack of variation between populations in PL suggests 
strong stabilising selection, while high differences between populations in FRE refers to 
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directional selection. Despite no variation between populations in PL, two negatively 
correlated characters determining this character, CN and FRE, showed highest between 
population variation (59% and 40.3%, respectively). Stabilising selection affecting song 
character IPI has been suggested to cause the lack of intra- and interspecific variation in 
other Drosophila species (Yamada et al. 2002). Possibly, PL may be an important 
species-recognition signal in D. virilis and therefore under stabilising selection like IPI in 
several Drosophila species (Tomaru & Oguma 1994). In addition, sexual selection 
through direct or indirect selection on female preferences (‘Good genes’ model, Houde 
1993) or an interaction of selection and drift in the joint evolution of male secondary 
sexual characters (Fisher’s ‘runaway’ sexual selection model, Lande 1981b) and female 
preferences could cause geographic variation in male song characters.  

The pattern of trait variation in a phylogeographic framework could give information 
about whether the traits are evolving ‘neutrally’ or not. Our data on variation at the 
phenotypic and genetic level in D. virilis showed that divergence in male song characters 
was unrelated to genetic distance in pair-wise comparisons between D. virilis strains 
(Mantel test, r = 0.105, p = 0.71). Similarly, Gleason & Ritchie (1998) have shown the 
divergence in song character IPI to be unrelated to genetic distance within D. willistoni 
and between the species of the D. willistoni group (Gleason & Ritchie 1998). Similar 
results were observed in advertisement calls between túngara frog species and their close 
relatives (Ryan & Rand 1995). Independence of mating signal and genetic divergence has 
been demonstrated in several animal species (see e.g. Butlin & Tregenza 1998). This is 
not unexpected as resolution of phylogenetic relationships based on song divergence may 
be weakened by the evolutionary lability of behavioural characters, high levels of inter- 
and intraindividual variation and homoplasy in song characters (de Quieroz & Wimberger 
1993). Furthermore, quantitative traits having large amounts of dominance and epistatic 
genetic variance can lower the correlation between molecular and quantitative measures 
of genetic variation (Reed & Frankham 2001). The strength of the relationship between 
molecular and quantitative measures of variation has been studied with controversial 
observations. Variation between geographic populations in most song characters highly 
exceeded respective variation in molecular markers, suggesting that divergence in these 
secondary sexual characters has been influenced by variable selection pressures and/or 
drift. Similar patterns of geographic structuring in D. virilis both in phenotypic and 
genetic markers shows clearly their usefulness in analysing population differentiation 
with neutral single-locus molecular markers and polygenic quantitative characters, which 
are influenced by selection and drift. 

3.4  Biometrical analysis of courtship song variation in D. virilis 

The genetic basis of variation in male courtship song in D. virilis was analysed by 
comparing the means and variances of two male courtship song characters, PN and PTL 
among 16 different crosses (reciprocal F1, F2 and backcrosses) between D. virilis strains 
1431 (England) and B22 (Japan). A joint scaling test of generation means showed that the 
simple additive model was not an adequate representation of the data in either of the 
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characters. The analysis revealed significant dominance in PN towards lower number of 
pulses and in PTL towards shorter pulse trains, the strain B22 having on average more 
dominant alleles than strain 1431. Unidirectional dominance in PN and PTL strongly 
suggests that these characters have been affected in past history by directional selection 
favouring short and dense pulse trains. This argument is based on selection theory, where 
fitness traits subject to selection are presumed to attain high directional dominance (e.g. 
Lynch & Walsh 1998).  

Intraspecific variation in courtship song has been studied also in D. montana among 
five laboratory strains originating form different regions of the species distribution 
(America, Finland and Japan, Suvanto et al. 2000). Courtship song varied significantly 
between populations, especially in PN and FRE. Directional dominance was detected in 
the latter character, suggesting the song of D. montana has evolved towards a higher song 
frequency, which is in the same direction as the female preference for male song 
(Suvanto et al. 2000, Aspi & Hoikkala 1995, Ritchie et al. 1998). This implies that sexual 
selection affects male song characters FRE, since dominance is regarded as the outcome 
of selection (Fisher 1958, Falconer & Mackay 1996). Päällysaho et al. (2003) have 
shown unidirectional dominance in other song characters, PL and PAUSE, in montana 
group species (D. littoralis, D. montana and D. flavomontana) favouring shorter pulses 
and longer pauses between successive sound pulses. 

Planned comparisons (contrast analysis of variance) between different crosses 
revealed significant small sex-chromosomal (Y-chromosomal) and non-chromosomal 
(transient maternal factor) effects on song characters. Evidence of these effects on 
secondary sexual characters is scarce, mainly due to lack of statistical power and limited 
sample size to detect these minor but possibly important effects on characters studied. 
Nonchromosomal maternal factors and their epistatic effects on song variation in D. 
virilis can be caused by nutrients or maternal gene products i.e. internal environmental 
effects that can not be controlled even though the external environmental effect were 
controlled (same culturing temperature and media, song recordings at the same 
temperature). However, these results show that epistasis or small Y-chromosomal effects 
can have a significant impact on variation in secondary sexual characters even though 
their contribution has not been considered in theoretical models of sexual selection (e.g. 
Andersson 1994). 

The joint scaling test revealed no direct X chromosomal effects on PN and PTL in D. 
virilis. This is consistent with the observation that the genes contributing to the species 
difference in PN between closely related D. virilis and D. lummei are located on all 
autosomes but not on the X chromosome (Hoikkala & Lumme 1984). In D. 
melanogaster, the X-chromosome has only a minor role contributing to intraspecific 
differences in the interpulse interval (IPI, Ritchie & Kyriacou 1996, Colegrave et al. 
2000). The lack of major X chromosomal effect on interspecific differences in courtship 
song characters have also been indicated in biometrical studies of IPI differences between 
D. pseudoobscura and D. persimilis (Noor & Aquadro 1998) and between D. simulans 
and D. mauritiana (Pugh & Ritchie 1996). In contrast, Hoikkala & Lumme (1987) have 
suggested that a major X-chromosomal change has contributed to variation in IPI, PL and 
PAUSE during the divergence of the two main groups, virilis and montana in the D. 
virilis group (Spicer 1991, 1992). The major role of X-chromosomal genes has also been 
shown to affect differences in song characters PL and PAUSE between D. virilis and 
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more distantly related D. littoralis, D. flavomontana and D. lacicola (Hoikkala et al. 
2000, Päällysaho et al. 2003). These results show that the genetic architecture of 
courtship song varies among different Drosophila species, and even among closely 
related species in the D. virilis group. 

Mating signals (e.g. male song) are important components of MRS and therefore 
subject to stabilising or directional selection through joint evolution of male traits and 
female preferences (Ritchie et al. 1998). Most of the biometrical studies conducted in 
Drosophila have analysed interspecific differences in song character IPI, which is 
regarded as a species-specific character important in sexual isolation (Tomaru & Oguma 
1994). Studies using visible markers and interspecific crosses between species of the 
melanogaster subgroup have revealed the genetic basis of IPI to be additive and 
polygenic in nature (Cowling & Burnet 1981, Kawanishi & Watanabe 1980, Kyriacou & 
Hall 1986, Pugh & Ritchie 1996) as have intraspecific analyses of IPI differences among 
D. melanogaster populations (Cowling 1980, Ritchie et al. 1994, Ritchie & Kyriacou 
1996, Colegrave et al. 2000). Polygenic inheritance of mating signals has also been 
demonstrated in Ribautodelphax planthopper (De Winter 1992) and Teleogryllyus gryllus 
cricket species (Bentley & Hoy 1972). Marker-assisted mapping methods are an efficient 
way to determine the number and the location of regions (and finally genes) as well as 
their magnitude of effects on courtship song characters. 

3.5  QTLs affecting courtship song in D. virilis 

In paper VI, a QTL study was conducted to study the genetic basis of differences in 
courtship song characters between two divergent strains of D. virilis. The parental strains 
1431 (England) and B22 (Japan) differed significantly in mean PN (10.2 and 7.0, 
respectively) and mean PTL (213.6 and 159.5 milliseconds, respectively, Table 1 in paper 
V). The mapping population in the QTL study consisted of 520 out of 890 F2 males, for 
which courtship songs were recorded and analysed (paper V). All individuals were 
genotyped for 34 microsatellite loci, which were used for constructing a recombination 
linkage marker map for D. virilis. 

Association of molecular markers with song characters was first analysed using single 
marker analysis (linear regression), which showed 50% (13/26) of the microsatellite 
markers to be linked with genes affecting variation in PN (effects ranged between 0.21 
and 0.77 units) whereas 8 of the 26 loci were significantly associated with variation in 
PTL (effect varied between 5.4 and 15 milliseconds). Two adjacent markers on the 3rd 
chromosome, msat19 and vir84, explained most of the variation both in PN and PTL 
(13.8–12.4% and 9.9–6.5%, respectively). Two QTL mapping methods, interval mapping 
(IM, Lander & Botstein 1989) and composite interval mapping (CIM, Zeng 1994) were 
used to analyse the genetic basis of courtship song characters with the aid of a 
recombination linkage map constructed for 26 microsatellite markers. The CIM analysis 
of PN resulted in significant QTLs being located on the X and 2nd, 3rd and 4th 
chromosome of D. virilis and one QTL on the 3rd chromosome to be responsible for 
variation in PTL (Figure 4 in paper VI). As our linkage map is not very dense, these 
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QTLs might represent only one significant QTL region, but this needs to be studied with 
the aid of a denser molecular map for this autosome. 

The effects of significant QTLs affecting PN and PTL are shown in Table 2 (paper VI). 
Overall, additive effects were larger than dominance, which was observed in one QTL on 
the 3rd chromosome (located between markers msat19 and vir84). The effects of single 
QTLs on the mean difference between the parental strains (1431 and B22) in PN (3.2 
units) varied between 9.0% and 31.8%, while QTL on the 3rd chromosome had a much 
higher effect (49.1%, Table 2 in paper VI) on PTL differences between the parental 
strains. Our biometrical analysis showed the direction of dominance to be towards lower 
PN and shorter PTL, the alleles of strain B22 (having negative alleles) being more 
dominant in the crosses. In our present study (paper VI) the dominance effect of the 
autosomal QTL, which had the largest effect on the mean differences between the 
parental strains on both song characters, was low and positive in sign. These different 
results can be explained by the fact that the biometrical study reveals the overall additive 
and dominance effect (assuming equal allelic effects) whereas the QTL analysis detects 
single loci effects on quantitative characters. Furthermore, the effects of single QTLs in 
our study can be overestimates of the actual effects, because our linkage map does not 
cover the whole D. virilis genome and therefore not all QTLs were necessarily detected. 

The CIM analysis showed that the genetic basis of song characters PN and PTL 
between the analysed D. virilis strains is caused mainly by autosomal QTLs on the 3rd 
chromosome with a relatively large effect, especially on PTL. This supports the results 
obtained from our biometrical analysis, which showed the inheritance of these song 
characters to be polygenic and autosomal (paper V). Furthermore, as the two song 
characters are phenotypically correlated with each other, their genetic basis is expected to 
be controlled partly by the same QTLs. Gleason et al. (2002) have shown that three 
QTLs, one on the 2nd and two on the 3rd chromosome, affect differences in the mean IPI 
between recombinant inbred lines of D. melanogaster. Our QTL analysis of PN and PTL 
variation in D. virilis showed the presence of QTLs on the same autosomes. Whether 
song differences in these two distantly related Drosophila species are controlled by the 
same QTLs, remains to be studied. 

Previously, our biometric approach detected significant low Y-chromosomal, but no X-
chromosomal effect on these song characters. In our QTL study we were not able to 
analyse the former effect since there were no markers available for Y-chromosome. 
Interestingly, QTL analysis showed one significant X-chromosomal QTL to affect PN 
though our linkage map for this chromosome consists only two microsatellite markers. 
Therefore, a denser molecular map for the X-chromosome and preferably some markers 
for the Y-chromosome is required to find out whether these sex-chromosomes have an 
effect on the song characters. 

Hoikkala et al. (2000) have used 12 visible markers and conventional segregation 
analysis to localise genes responsible for species-specific song differences between D. 
virilis and D. littoralis. Single marker analysis showed X-chromosomal genes near the 
proximal end to account for most of the differences in PL, PAUSE and CN (visible 
markers notched and apricot explained 30–40% of the variation). Furthermore, autosomal 
genes on the fourth chromosome of D. virilis had a significant impact on PAUSE (visible 
marker cardinal explained 30% of the variation, Hoikkala et al. 2000). Päällysaho et al. 
(2001) utilised six X-chromosomal RFLP markers on a subset of the same data, which 
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showed that five of these markers were linked with the genes having a major effect on 
species differences in song. Two of these RFLP markers, nonA and Dmca1A are known to 
affect male song in D. melanogaster, and thus are possible candidate genes for causing 
species differences in male song in the D. virilis group species. Whether the significant 
QTL affecting PN found in the present study (paper VI) is located in the same proximal 
end of the X-chromosome, can only be studied with a denser marker map. 

Most studies of the genetic basis of courtship song characters in Drosophila have been 
made using few visible markers and biometrical analyses (Kawanishi & Watanabe 1981, 
Kyriacou & Hall 1986, Tomaru & Oguma 1994, Pugh & Ritchie 1996, Hoikkala et al. 
2000). Only two QTL studies on courtship song differences between Drosophila species 
using molecular markers (microsatellites and RFLP) have been reported (Päällysaho et al. 
2001, Williams et al. 2001). Furthermore, these studies have been conducted to study the 
genetic basis of interspecific differences in courtship song in Drosophila. These studies 
have shown the drawback of using interspecific crosses for QTL studies: the species 
differences are often associated with inversions that differentiate the species being 
studied and thus affect the power of QTL analyses (free recombination is inhibited). This 
problem can be avoided by analysing intraspecific variation in quantitative characters. So 
far, only one study has used QTL mapping methods to study variation in the song 
character IPI among D. melanogaster recombinant inbred (RI) lines generated by 
artificial selection experiments (Gleason et al. 2002). 



4 Concluding remarks and future prospects 

The QTLs detected in paper VI between two D. virilis strains can be regarded as 
candidates responsible for variation within the species. Further mapping studies are likely 
to reveal whether the same QTLs found to affect variation in song characters between the 
two D. virilis strains also account for the majority of variation between other strains with 
less differentiated songs, and whether orthologous QTLs are found among different 
species in D. virilis species group (Fatokun et al. 1992, Nuzhdin & Reiwitch 2000). It 
should be noted that a QTL is not a single loci but a region of a chromosome that has 
significant effects on these quantitative traits. The big step from QTL to QTN 
(quantitative trait nucleotides) requires dense marker maps (and a lot of time) to reach the 
sequence level of the putative candidate genes. Some of the candidate genes obtained by 
mutation screens in D. melanogaster are worthy of studying for an association with song 
variation (as nonA in papers I and II), especially if these genes are located in the same 
region as the QTLs (paper VI). However, this would require more QTL analyses with a 
denser marker map to narrow down the QTL regions, and cytological location of markers 
to be determined. QTL studies of courtship song in the model organism, D. melanogaster, 
will certainly help to search for candidate genes affecting song and thus enhance studies 
made with other Drosophila species to understand the genetics of these important 
secondary sexual characters and their role on sexual isolation.  

The question whether the same QTLs are responsible for intra- and interspecific 
differences in courtship song characters in D. virilis group species can be answered, at 
least to some extent, by making crosses between D. virilis and D. lummei, which produce 
fertile hybrids. Comparative studies of patterns of genetic and phenotypic variation in 
species of the D. virilis group are possible due to the development of microsatellite 
markers for D. virilis, which succesfully amplify in D. virilis group species. For example, 
D. montana offers a good possibility to analyse the variation within species in natural 
poplulations. Comparing these results with D. virilis will be interesting since male song 
characters are under strong sexual selection via female preference in D. montana. In 
addition, similar QTL studies of courtship song variation and female preferences in other 
members of the D. virilis group will throw more light on the quantitative evolutionary 
genetics of behavioural characters. 
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