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Role of X Chromosomal Song Genes in the Evolution of
Species-Specific Courtship Songs iDrosophila virilis
Group Species
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In the Drosophila virilis group the males of theirilis phylad species produce courtship song
consisting of pulse trains with no pauses between successive sound pulses, whereas the males
of themontanaphylad species produce songs with clear pauses between the sound pulses. We
obtained song data for,Fybrids betweerD. virilis (representing theirilis phylad) or

D. flavomontandrepresenting thenontanaphylad) females and the males of several species of
theD. virilis group to study the interaction of X chromosomal and autosomal song genes affecting
species differences in song. In crosses Witkirilis females, X chromosomal (or maternal) fac-

tors masked variation in pulse length despite variation in heterospecific autosomal song genes.
To the contrary, in crosses wilh flavomontangemales, X chromosomal genes largely deter-
mined the pause length and interacted with autosomal genes to determine the pulse length. In
the montanaphylad species, pulse length showed dominance toward shorter pulses and pause
length toward longer pauses. The first-mentioned trait also indicated the epistatic effects of

X chromosomal and autosomal components.

KEY WORDS: Courtship song; dominancBrosophila virilis group; epistasis; evolution.

INTRODUCTION In a review on sex linkage among genes control-
ling sexually selected traits, Reinhold (1998) states that
these are influenced significantly more often by X chro-
mosomal genes than traits not under sexual selection.
As Hollocher and Wu (1996) and Tret al. (1996)
have shown, however, sex linkage may simply be
caused by differential expression owing to the hem-
izygosity, rather than by accumulation of X-linked
genes. Furthermore, as Calattal. (1994) have sug-
gested, weak multilocus interactions are a very com-
mon cause of maintaining isolation between closely
related species, and studying the effects of X chromo-
somal genes without studying their epistatic interaction
with autosomal genes may be misleading.
! Department of Biology, University of Oulu, P. O. Box 3000, 90014 Many behavioral genes ib. melanogasteare
Oulu, Finland. known to be located on the X chromosome (reviewed
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Recently, the genetic basis of factors maintaining pre-
mating isolation mechanisms, especially sexual isola-
tion, has attracted much attention (see Ritchie and
Phillips, 1998). This kind of data is needed to deter-
mine whether speciation proceeds gradually or whether
it involves fixation of genes with a large effect (Coyne
et al., 1994). Research on interspecific hybrids, how-
ever, is often complicated or hindered by defects in
hybrid viability and fertility as well as by restricted
recombination, and material for this kind of study is not
easy to find.
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D. flavomontana, D. lacicola species-specificity of  virilis
the courtship songs is largely caused by X chromoso-
mal gene(s). Hoikkala and Lumme (1987) have sug-
gested that an X chromosomal major change allowing
variation in the interpulse interval has occurred during
the separation of the two major. virilis group phy-
lads irilis andmontanaphylad; Spicer, 1991; 1992),
with the long interpulse interval also allowing variation onana
in pulse length and cycle number in species of the latter
phylad. Here we have studied how the X chromosomal
song genes ob. virilis and D. flavomontanarepre-
senting two different phylads, interact with homo-/
heterospecific autosomal genes, and whether the song
traits show dominance, epistasis, or both in interspecific

Fl males. littoralis

MATERIALS AND METHODS

Flies and Crosses

For this study we chose four species of Ehevir-
ilis group, differing in their song characteb. virilis, flavomontana
probably the most ancient species of the group, belongs
to thevirilis phylad (Spicer, 1991; 1992) and has dense
pulse trains without pauses between pulses (Fig. 1) as
do the rest of the species of this phylad (Hoikkala and
Lumme, 1987). The other three species belong to the
montanaphylad: D. littoralis has very long pauses — L
between sound pulses and belongs tditt@alis sub-
phylad;D. montanahas short pauses aid flavomon-
tanahas intermediate pauses, and they belong tmtire
tanasubphylad (Fig. 1). The strains used in the present
study had been maintained in the laboratory for at least 600 ms
.5 years before the present ?tUdl?é.S\/ll’H.IS Stra.m A ong- Fig. 1. Songs ofDrosophila virilis, D. montana, D. littoralisand
inates from Moscow, Russi®. littoralis strain lil and D. flavomontananales. PL, pulse length; PAUSE, distance from end
D. montanastrain mol are both from Kemi, Finland; and of pulse to beginning of next pulse; IPI, interpulse interval; PTL,
D. flavomontanastrain 0981.0 is from Idaho, (obtained pulse train length.
from DrosophilaSpecies Stock Center, Tucson, Arizona).

To determine how the X chromosomal song gene(s) D. flavomontanademalesand D. montanamales pro-
interacts with autosomal song genes of different species,duced fertile progeny and was continued into the F
we made reciprocal crosses between these four speciegeneration.
usingD. virilis (representing species with no pause be- The strains were maintained in culture bottles con-
tween sound pulses) @. flavomontangrepresenting  taining malt medium in continuous light and at 19°C.
species with a clear pause between pulses) always adales and females were collected in separate vials no
one parent. All crosses, whebe virilis or D. flavomon- later than 2 days after their emergence. The flies were
tanawas the maternal species, were successful. Whenused in song recordings and in crosses at the age of
using D. montanaas a maternal species,; progeny about 2 weeks. Interspecifig Rybrids were obtained
were obtained; however, hybrid males did not court. If by making several mass-mating lines (10 males and
D. virilis or D. flavomontanavas the paternal species, 10 females per bottle) between the flies of different
crosses were unsuccessful, except for the reciprocalspecies. In each cross, the hybrid progeny was collected
crosses between these two species. The cross betweeinom at least three different mass-mating lines.

PAUSE
IPI

PTL




X Chromosomal Song Genes in the Evolution of Courtship Songs . virilis 27

Song Recording and Analyses Table I. Means and Standard Deviations of Different Song Traits
) in Milliseconds inDrosophila virilis, D. montana, D. littoralis,
Male courtship songs were recorded when the male andD. flavomontanand All Obtained Interspecific Hybrid Mafes

courted a female, which could be of the same species

or a hybrid involving the species in question. The Species/cross N PAUSE PL 1P
recordmg_ chamber was mgde of a Petri dish (dlameter,viriIis 10 0 19.7+ 1.95 10.7+ 1.25
5 cm; height, 0.7 cm), which was covered with nylon montana 10 150+ 221 207+ 2.71 357+ 2.11
net. The floor of the chamber was covered with a moist- ittoralis 10 245+ 52,40 41.2+ 4.96 286+ 51.50
ened filter paper. Songs were recorded with a Sony TC-flavomontana 10 857+ 9.94  27.1* 2.38 113+ 8.93
FX33 cassette recorder and a JVC-condenser micro—z:: z {Em 105 21(?-0% g-fg ig-gf ;-;3 gg-if 3;;
phone, when both the male and female were upside ;. ¢ 10 120+ 200 175+ 207 295+ 292
down on the roof of the chamber close to the diaphragmy, « vir 10 197+ 657 22.9+ 2.18 42.6+ 521
of the microphone. fla X mon 8 39.0+8.88 16.6+ 0.92 55.6+ 9.02
Male songs were analyzed using the SIGNAL fla x lit 5 128+ 19.10 20.8+0.84 148+ 19.10

Sound Analysis System (© Engineering Design). For F(flaxmof 11 437x157  222+2389 65.9+ 16.6
each male we analyzed three pulse tram.s of song anqN is the number of males, PAUSE is the distance from the end of
Cal_CUIated the means of different so.ng traits over thgse the pulse to the beginning of the next one, PL is the pulse length,
trains. The songs were analyzed (Fig. 1) by measuring and I1PI is the interpulse interval. In the interspecific crosses, the
the length of the pulse train (PTL) and counting the female is always mentioned first.
. . . b H i i

number of pulses per train (PN) in OSC'”ogramS made A single male withD. montanaX chromosome not included.
for the songs (foD. littoralis only the first two pulses
of the train are shown). We also measured the length
of the fourth (or third in short songs) sound pulse of the - o 2

( gs) P D. montanaand D. virilis. In addition, discriminant

pulse train (pulse length, PL), and we counted the num_analysis with PAUSE and PL classified the species

ber of cycles in this pulse (CN). The interpulse interval . 0 : .
(IP1) was measured as a distance from the beginning ofW'th 100% confidence. Accordingly, these two char

the analyzed pulse to the beginning of the next puIse,aCters have been used in the analysis of hybrid songs
; elow.
and PAUSE was measured as a distance from the en . .
- The only species pair that we succeeded to cross
of the pulse to the beginning of the next one. The four . .
. : reciprocally wasD. virilis and D. flavomontanaThe
last-mentioned song traits were measurech the en- . . B .
larged oscillograms showing only thespective sound hybrids having the X chromosome Bt virilis (Fig.
ulgses The cgrrierfre ueng of¥he sc?: was measure a) had shorter PAUSE$-fest:t = 4.166; df= 18,
pulses. 1h quency ong as = 0.001) and PLst(= 5.323; df= 18: P = 0.001)
from Fourier spectra of the pulse train. For statistical . .
. than the hybrids having the X chromosome of
analysis PTL, PL, IPI, and PAUSE were In-transformed D. flavomontandFig. 2b), which refers to sex linkage
to achieve normal distribution. We added 1 to all val- —° 9. ' ge.

ues of PAUSE before transformation, becabseirilis )l(\l iﬁtr(\;vrﬁ;stzg;g? ;22 F;?Jics)tsbcifnlanltigancnOgigstV¥Z%Te
always had 0 for PAUSE. 99 .

| and Fig. 3 (note that Fig. 3 is in In-logarithmic scale)
show the data on the songs of the hybrid males having
the X chromosome and one set of autosomes from the
RESULTS maternal speciedD( virilis or D. flavomontani and

the second set of autosomes from the paternal species
(D. virilis, D. montana, D. flavomontanar D. lit-

The songs oD. virilis, D. montana, D. littoralis, toralis). The two sets of hybrid data with the X chro-
andD. flavomontanaare shown in Fig. 1. Each song mosome of eitheb. virilis or D. flavomontananabled
character differed significantly between species us to check whether the maternal genotype of the hy-
(Kruskall-Wallis testyx?> = 26.66—37.21; df= 3 and brid males functions in a different way with the auto-
P < 0.001 in each case). The song characters showingsomes of different species.
the clearest species differences were the PAUSE, PL, The PAUSE in male song increased in crosses
and IPI, with the IPI being the sum of the two first- usingD. flavomontanaas a maternal species by about
mentioned traits (Table ). In multiple comparison 7.5 ms (original scale) when compared with the recip-
(Dunn'’s test) these three characters grouped the speciesocal cross withD. virilis as a mother. The two-way

unambiguously, the only exception being PL between

Songs of the Parental Species and, Hybrids
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Fig. 2. Songs of F hybrids (a) betweebrosophila virilis females and. montana, D. littoralisandD. flavomontananales, and
(b) betweerD. flavomontandemales and. montana, D. littoralisandD. virilis males.

analysis of variance (ANOVA) revealed that the con- action was significant, suggesting that the X chromo-
tribution of both maternal (% cytoplasmic factors- somes ofD. virilis andD. flavomontanado not inter-
one set of autosomes) and paternal«Yone set of act similarly with the different sets of autosomes (Table
autosomes) chromosomes was significant (Table II). A Il). The crosses witlD. flavomontanaas a maternal
significant interaction also occurred between maternal species, when analyzed separately, differed signifi-
and paternal genotypes. In ANOVA, the highest per- cantly from each other (one-way ANOVA:#+55.086;
centage of variation was among maternal factorsdf = 1, 31; andP < 0.001), while the crosses with
(60.9%), followed by variation among paternal factors D. virilis as a maternal species showed no differences
(32.9%), and the interaction component between ma-(one-way ANOVA: F= 2.336; df= 1, 31; and® < 0.93)
ternal and paternal factors (7.1%). The contribution of (Fig. 3b). This suggests that autosomal genes are im-
autosomal and Y chromosomal effects and their inter- portant in causing species differences in PL in the
action with maternal factors was much smaller than the D. montanaphylad and that they interact with the
effects of X chromosomal and other maternal factors. D. flavomontanaX chromosome, while the X chromo-
Thus, long pauses seem to be caused mainly by thesomal (or maternal) factors B virilis mask variation
X chromosomal song gene(s) bf flavomontana. in PL despite variation in autosomal components.

For PL, the two-way ANOVA did not reveal any Possible dominance or epistasis in song characters
constant maternal or paternal effects, and only the inter-was tested by comparing the means of thex&les with
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7 @ Table Il. Two-Way Analysis of Variance for the Maternal Factors
O Matemal species: virilis (Drosophila virilis, D. flavomontany Paternal Factord), virilis,
51 ¢ i D. montana, D. flavomontana, D. littoraliand Their Interaction
5 - Affecting PAUSE and PL in the Interspecific F1 Hybfids
*
o 41 PAUSE PL
» =
2 = = F P F P
a (1,60) (1,60)
z | o ®
Maternal factors 35.021 0.010 0.931 0.406
1 Paternal factors 10.797 0.041 0.352 0.793
Interaction 61.717 0.001 24.17 0.001
0 o
y ' ‘ ' ' 2PAUSE, Distance from the end of the pulse to the beginning of the
.virilis montana flavomontana littoralis next one; PL, pulse Iength-

Paternal species

O Matomal species: irlis ®) of the K males differed from the average of the parental
7 . pecies: fav species in all crossestest;P < 0.001 in each case),
s except in the cross betweén virilis andD. montana
32 (t= —0.287; df= 4; P = 0.789), where the PLs of the
- ¢ 4 parental species did not differ significantly from each
e other. The fact that the PLs of'§ were much shorter
= 307 [ g [ than those of either of the parental species indicates
§ that dominance could not be a sole explanation and that
28 3 there must also be epistatic effects of X chromosome
and autosomal components. The crosses Witwirilis
as a paternal species showed no significant dominance
28 V;"S monltana ﬂavom'ontana Imo;alis (t = _0526’ df: 4; P = 0626)
Paternal species
Fig. 3. The (a) PAUSE (meartSE) and (b) PL (meartSE) in F, Hybrids BetweenD. flavomontanaand

crosses witlbrosophila virilisor D. flavomontanas a maternal and D. montana

D. virilis, D. montana, D. flavomontanar D. littoralis as a pater- . . .
nal species (note the logarithmic scale). PAUSE, distance from end To dgtermme how much the song traits vary in hy-
of pulse to beginning of next pulse; PL, pulse length. brids having the X chromosome of one species and the

autosomes of the two parent species in various combi-

nations of homo- and heterozygosity, we produced
the average of the parental species (dominance effect&n F, generation from the crod3. flavomontanax
can be detected only from In-transformed data in Fig. 4, D. montanaand obtained 38 males. This species pair
and not from the Table | because of scale effect; seewas chosen for further analysis because it had been re-
e.g., Lynch and Walsh, 1998). PAUSE (Figs. 4a and 4b)ported to give fertile progeny of both sexes (Throck-
showed significant dominance toward longer pausesmorton, 1982), and because the salivary gland chromo-
(i.e., PAUSEs in the songs of males exceeded the av- somes of interspecific;Females showed conjugation
erage of the parental species) in all crosses irrespectivat the proximal end of the X chromosome (P&aallysaho,
of the maternal speciestest;P < 0.01 in each case), 2002), where major song gene(s) has earlier been lo-
except in the cross betweBnflavomontanandD. lit- calized inD. littoralis (P&éallysahcet al., 2001). Re-
toralis (t = 4.8405; df= 4; P = 0.1431). However, striction fragment length polymorphism (RFLP) analy-
dominance was quite small because the means of;the Fsis with three markerdused, nonAandparalytic; see
males were close to the averages of the parental specie®aallysahceet al., 2001) distributed along the proximal

Pulse length showed dominance toward shorter half of the X chromosome, however, showed no sign of

pulses irrespective of the maternal species in each ofrecombination among the, fhales (P&allysaho, 2002).
the five crosses, where the paternal species was fromEven though the data could not be used for localizing
the D. montanaphylad (Figs. 4c and 4d). The means any X chromosomal song genedinflavomontanathe
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Fig. 4. PAUSE (meant SE) of the male courtship song in parental species ahgh¥ids with (a)Drosophila virilisor (b) D. flavomontana
as a maternal species, and PL (mea8E) of the male courtship song in parental species ahgh¥ids with (c)D. virilis or (d) D. flavomon-
tanaas a maternal species (note the logarithmic scale). PAUSE, distance from end of pulse to beginning of next pulse; Phthpulse len

markers enabled us to identify the origin of the X chro- whose autonomous or interactive effects become visi-
mosome (or at least the proximal part of it) imkales. ble in homozygous conditions. In, Fales, the ranges
According to their markers, 13,fnales resem-  of PAUSE and PL were much wider than the ranges of
bled D. flavomontanaand 25 K males resembled respective traits of the parental species, suggesting that
D. montana(Paallysaho, 2002). Only one of 25 males there is a substantial amount of segregational variance
with aD. montanaX chromosome began to court and in these characters. The song of the only singinmgdde
sing to the female (Fig. 5), even though each male waswith aD. montanaX chromosome very much resembled
given a trial on three separate days, at least 2 hours athe song oD. montana(Fig. 5).
a time. Analysis of Fmales consists of only hybrids
having theD. flavomontanaX chromosomer( = 11;
Table ). Interspecific Fhybrids betweel. flavomon-
tana and D. montanahad intermediate PAUSEs and The species-specific characters of courtship songs
very short PLs compared with those of the parental of Drosophilamales are typically controlled by multi-
species (Fig. 5). In Jgeneration the PAUSEs of the ple genes with minor effects (e.g., Pugh and Ritchie,
males were intermediate to those of the parental 1996; Noor and Aquadro, 1998; Hoikkataal., 2000;
species, with the mean PAUSE being similar to that of Williams et al.,2001). Hoikkala and Lumme (1987) have
the R generation. On the other hand,rRales had sig-  suggested that during the separation of the Dweir-
nificantly longer sound pulses than dig Rales (F= ilis group phylads, however, there has occurred a major
14.15; df= 1, 18;P = 0.001; Fig. 5), which suggests X chromosomal change, allowing variation in the IPI of
that in addition to X chromosomal genes, PL is also af- the male courtship song montanaphylad species. In
fected by the autosomal genes of the parental specieshe present study, we dissected the IPI into its compo-

DISCUSSION
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Fig. 5. Scattergram for PAUSE and PL for the song®odsophila montanandD. flavomontanaand their interspecific Fand k hybrid
males (note the logarithmic scale). PAUSE, distance from end of pulse to beginning of next pulse; PL, pulse length.

nents, PAUSE and PL, and studied how large an effect Previously, Hoikkala and Lumme (1987) found
the X chromosomal genes had on these song traits alon@nidirectional dominance in PTL and CN in the songs
and in interaction with autosomal genes. If the hybrid had of thevirilis phylad species and proposed that the song

X chromosomal (or maternal) factors Bf virilis, the evolution in this phylad has gone toward longer and
genotype (species) of the father had only a minor effectdenser pulse trains. This argument was based on the se-
on PL, while the X chromosomal factorsfflavomon- lection theory, where high fitness traits are presumed

tana caused long pauses and interacted with the auto-to attain directional dominance and epistasis (see Lynch
somal genes in determining the PL. Our findings confirm and Walsh, 1998). In the present study, we found strong
that the X chromosomal gene(s) has (have) an importantepistasis and unidirectional dominance toward shorter
role in song evolution iD. montangphylad species. pulses and longer pausesmontanaphylad species,
We have previously shown that a gene or a genewhich suggests that song evolution in thentana
cluster affecting song differences betwéervirilis and phylad species has favored longer pauses and shorter
D. littoralis is located at the proximal region of the pulses. Empirical evidence on dominance indicating the
X chromosome (Hoikkalat al.,2000; Paallysahet al., direction of evolution comes mainly from studies with
2001). Multiple chromosome rearrangements restrict- pesticide resistance (Bourguet and Raymond, 1998) and
ing recombination between homologous X chromo- the evolution of lepidopteran wing patterns (Wagner
somes, however, prevent precise localization of the songand Biirger, 1985).
gene(s) with the aid of these species or with the aid of It has been proposed that sexual selection exer-
D. flavomontanaand D. montanahybrids (Paéllysaho, cised by the females could be a driving force in song
2002). The present finding that the X chromosomal genesevolution. D. montanafemales have been found to
of D. virilis (a species ofirilis phylad) and. flavomon- prefer males with short and dense (high-frequency)
tana(a species amontanaphylad) show different epis-  sound pulses (Aspi and Hoikkala, 1995; Ritcéial.,
tatic effects with autosomal genes refers to a central role1998), and the song of this species shows directional
of these genes in song evolution. Wide variation in the dominance in the same direction (Suvagital.,2000).
songs of the fFmales having the X chromosome of Female preferences, however, may vary in different
D. flavomontanaalso suggest a substantial amount of species, and sexual selection within the species may
segregational variance in both PAUSE and PL in the not be the only selection pressure affecting male songs.
autosomal genes @. flavomontanandD. montana. The song oD. littoralis with exceptionally long pauses
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and sound pulses is a puzzle. Evolution of long soundHoikkala, A., Paallysaho, S., Aspi, J., and Lumme, J. (2000). Locali-

; ; ; ; zation of genes affecting species differences in male courtship
pU|Ses in this SPecies, however, may be a side effect of song betweemrosophila virilis and D. littoralis. Genet. Res.

genes causing the long pauses (Hoiklatlal., 2000). 75:37—45.
Songs resembling the song bf littoralis are found Hollocher, H., and Wu, C.-l. (1996). The genetics of reproductive

- . p : ; isolation in theDrosophila simulanslade: X vs. autosomal
outsideD. virilis group species at least in some Species effects and male vs. female effedBenetics1431243-1255.

of D. melanicagroup (Ewing, 1970) and iD. robusta Lynch, M., and Walsh, B. (1998%enetics and Analysis of Quanti-
(Hoikkala, unpublished results). tative Traits,Sinauer Associates, Sunderland.

; i~ Moreno, G. (1994). Genetic architecture, genetic behavior, and char-
Moreno (1994) has suggested that interlocus in acter evolutionAnnu. Rev. Ecol. Sy5:31-44.

teractions within the sets of functionally related loci noor, M. A. F., and Aquadro, C. F. (1998). Courtship songs of
can hide a potential for strong phenotypic effects. Epista-  Drosophila pseudoobscumndD. persimilis:Analysis of varia-

i ; iyt ; tion. Anim. Behav56:115-125.
tic interactions are a central component of Wight's shift- o, 6.5 (20020 situ hybridisation analysis of the X-linked

ing balance hypothesis that postulates a creative role  genes in the species of thiilis group ofDrosophila. Genetica
for small populations and founder events in character ~ 11473-79.

evolution and speciation (Wright, 1977). While the Paallysaho, S., Huttunen, S., and Hoikkala, A. (2001). Identification
of X chromosomal restriction fragment length polymorphism

shifting balance theory and its role in speciation gen- markers and their use in a gene localisation stud@rarsophila
erally are still controversial (see, e.g., Wade and Good-  Vvirilis andD. littoralis. Genome$4:242—248.

; ; [P ; Pugh, A. R. G., and Ritchie, M. G. (1996). Polygenic control of a
night, 1998), more data on epistatic interactions are mating signal irDrosophila. Heredity77-378-382.

needed on interspecifievel (see Cabagt al., 1994) Reinhold, K. (1998). Sex linkage among genes controlling sexually
in addition to intraspecific studies (e.g., Gdeza1990; . r?_ele'\cAteg traitZBFe)Eélll\_/- Ecgl-DSOFcitz%%nsé;:l;Z- o |
. ; itchie, M. G., an illips, S.D. F. . The genetics of sexual
Hardet al., 1992; Aspl, 1999)' isolation. In: Howard, D. J., and Berlocher, S. H. (EdEnd-
less Forms, Species and SpeciatiOxford University Press,
Oxford, pp. 291-308.
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