
 

Instructions for use

Title An evolutionary view on courtship behavior of Drosophila : From a comparative approach

Author(s) Wen, Shuo-Yang; Li, Yi-Feng

Citation 低温科学, 69, 87-100
生物進化研究のモデル生物群としてのショウジョウバエ. 北海道大学低温科学研究所編

Issue Date 2011-03-31

Doc URL http://hdl.handle.net/2115/45192

Type bulletin (article)

File Information LTS69_010.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


 

1 . Introduction
 

Mating success mainly relies on Specific Mate
 

Recognition System (SMRS). Every sexually re-

producing species possesses its own distinct SMRS
 

that controls the exchange of sensory information
 

sent and received by both sexual partners during
 

interplay(Paterson,1985). Drosophila courtship is an
 

elaborate ritual which involves specific types of activ-

ity(certain elements),such as orienting,tapping,scis-

soring (scissor-like opening and closing of both wings
 

without courtship song),circling,wing vibrating (one
 

wing or both wings rapidly up and down with produc-

tion of courtship song), licking and attempting to
 

copulate, from both sexes. Visual, chemical and
 

acoustic signals derived from these certain elements
 

make up SMRS and the divergence of each element is
 

the important factor contributing to premating isola-

tion and speciation.

Courtship behavior is one of characters which
 

have derived from the ancestor and then diverged to
 

be adapted to environmental changes or evolved

 

through sexual selection and speciation. Mating in
 

flight is the ancestral Dipteran behavioral pattern and
 

is common in most primitive families such as mos-

quitoes, of which males have the auditory plumose
 

antenna sensitive to the flight tone of the female and
 

the enlarged specialized eye to capture the female

(Downes, 1969). However, such behavior is rare in
 

the derived Acalypteratae with the dichoptic eyes

(McAlpine and Munroe,1968). In the Drosophilidae,

mating behavior is highly interactive between males
 

and females especially before mounting. The droso-

philid matings typically occur on some types of food
 

substrates, associated with more or less species-

specific courtships or epigamic displays making use of
 

posture, movements or display of patterns before
 

attempting to mount and copulate (Spieth, 1952).

The great variety of environmental and food condi-

tions has mainly determined the way in which flies can
 

meet and mate,and explains the diversity of mating
 

behaviors (Wicker-Thomas, 2007). Such a droso-

philid mating system appears to possess adaptive
 

advantages:males could ascertain many females with
 

small expenditure of time and energy; unreceptive
 

females could repel males during feeding;receptive
 

females could excise sexual selection on several
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Courtship behavior is highly divergent in Diptera, especially in Drosophila. The typical
 

courtship of Drosophila melanogaster is an elaborate repertoire including elements of orienting,

tapping,scissoring,circling,wing-vibrating,licking and attempting to copulate,in which males
 

and females send and receive visual,chemical,tactile and acoustic signals from each other. The
 

divergence of courtship behavior reflects the phylogeny to some extent. Loss or gain of certain
 

elements,which cause qualitative differences in courtship behavior among species, are very
 

common in Drosophila. On the other hand,rapid quantitative changes in sexual signals tend to
 

occur between sympatric,closely related species but not between allopatric,close relatives. In
 

this review,we assemble available information on courtship behavior,compare its behavioral
 

elements across 135 species of 30 species groups from three genera of the Drosophilidae,

excepting the Hawaiian picture-wing Drosophila with a bizarre courtship pattern,and discuss
 

functions of each element in relation to its loss or gain and possible evolutionary mechanisms
 

underlying the sexual signal divergence.
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males. The diurnal feeding shortly on a small dis-

crete food mass is the key factor responsible for the
 

selective pressure on the evolution of this courtship
 

pattern (Spieth,1974).

Certain elements of mating behavior are wide-

spread across various species, but it is also obvious
 

that qualitative as well as quantitative interspecific
 

differences exist. A few,if any,quantitative differ-

ences are observable between closely related species,

while more distantly related species invariably display
 

qualitative differences. In Drosophila courtship, the
 

male is primarily responsible for sexual isolation and
 

the female for sexual selection (Spieth, 1952, 1974;

Brown, 1965). Closely related species or races der-

ived from allopatric localities are often less sexually
 

isolated than those derived from sympatric sites,the
 

former displaying an identical courtship pattern but
 

the latter distinct ones (Ehrman, 1965;Spieth, 1978).

This suggests the reinforcement of divergence in
 

courtship signals between sympatric species/races

(Chang and Miller,1978;Wen et al.,2011). To under-

stand the evolutionary mechanism of courtship behav-

ior, i.e., how and why the relevant characters have
 

reached their present forms,one must combine com-

parative ethological works with studies on the func-

tion, origin and genetics of behavior (Hinde and
 

Tinbergen, 1958; Brown, 1965). It is important to
 

examine roles of courtship in mate selection and
 

reproductive isolation. The initial observations of
 

Drosophila mating behavior were made by geneticists
 

interested in evolutionary problems (Ewing, 1983).

Before Spieth’s (1952) pioneer work on courtship
 

behavior of 101 Drosophila species belonging to 21
 

species groups, mating behavior of D.melanogaster,

D.pseudoobscura, D.persimilis, D.affinis, D.algon-

quin, and some species of the D.willistoni species
 

group and the D.virilis species group had already
 

been documented by various investigators (Stur-

tevant, 1915;Spieth, 1947, 1948;Miller, 1950;Spieth,

1951). Hitherto, courtship behaviors of more than
 

135 species belonging to 30 species groups and some
 

Hawaiian picture-wing Drosophila species have been
 

observed by many investigators. Thus accumulated
 

information makes comparison of courtship behaviors
 

possible across the largest genus Drosophila in the
 

Drosophilidae. Tomaru and Yamada (2011) thor-

oughly reviewed courtship behaviors of Drosophila,

mainly focusing on their courtship songs of acoustic
 

stimuli. In this review, therefore,we provide infor-

mation on other behavioral elements,especially those
 

related to visual and chemical stimuli, from a view-

point of how certain elements of courtship have diver-

ged along the evolutionary process. Since in Droso-

phila courtship males are more active and play vital
 

roles for successful mating,we concentrate mainly on
 

male courtship. The elements present or absent in
 

each species are summarized in Table 1 from selected
 

references, excepting some others having failed to
 

observe some behaviors in some species by careless
 

observation or using different strains (Ewing, 1983).

We exclude Hawaiian picture-wing Drosophila species
 

from the comparison in this review,because an aber-

rant type of courtship behavior and advertising behav-

ior in a small territory or lek was displayed by these
 

endemic species (Spieth,1974).

2 . Behavioral elements and their
 

functions in

 

gnals and ta

 

courtship
 

Apart  from endemic Hawaiian picture-wing
 

Drosophila species which mate on their leks or terri-

tories,most Drosophila species display courtship dur-

ing feeding on a food mass. Drosophila courtship is
 

very diverse among species, and requires visual,

acoustic, and chemical cues (Wicker-Thomas, 2007).

Each species possesses a species-specific repertoire of
 

signals  associated with unique movements.

Homologous signals are quite different between dis-

tinct species, but similar, with some quantitative
 

differences,between closely related species.

Drosophila male courtship is commonly composed
 

of the elements of orientation,tapping,wing flicking,

wing waving, wing semaphoring, wing scissoring,

wing vibration, leg vibration, leg rubbing, circling,

licking,mounting and countersignaling (Spieth,1974).

Each element has its function for leading to successful
 

copulation (Spieth, 1952, 1974;Ewing, 1983). Males
 

and females send and/or receive several stimuli,such
 

as visual,chemical,tactile or acoustic ones,from each
 

other during courtship. Males’dancing by flicking,

waving,scissoring or rowing of one or two wings and
 

circling is a visual language to females; chemical
 

si

 

as
 

well,are

 

ctile stimuli are transmitted between
 

males and females by males’tapping and licking on
 

females;acoustic signals, probably visual signals

 

f visual sig
 

produced by vibrating one or two wings. In
 

many species,the role o  less specie nals is  s-

Dr  ophila os

 

Shuo-Yang Wen,Yi-Feng Li 88



 

specific than the roles of chemical or acoustic signals

(Markow and O’Grady,2005).

2 .1  Courtship elements related to
 

visual stimuli
 

Visual stimuli are one of the major factors in the
 

initiation of courtship (Spieth, 1952). At the begin-

ning of courtship,a male orients a moving female and
 

then taps her. Few Drosophila females are so recep-

tive that they will accept a male as soon as he taps

(Manning, 1960). After tapping, the male performs
 

some wing display behaviors or circling to let the
 

female slow down. Wing displays include wing wav-

ing, flicking, scissoring, rowing, or vibrating which
 

probably produces both visual and acoustic signals.

Thus, such visual signals are sent from males to
 

females and should be received by females under light.

2 .1 .1  Lig ht dependency
 

Light is required for Drosophila to receive visual
 

stimuli from environmental factors or individuals of
 

conspecific or alien species. In Drosophila, some
 

species fail to mate or reduce mating success without
 

light, while some others are able to mate in the
 

darkness;i.e., the former is dependent but the latter
 

independent on light for mating. It has been well
 

documented that the extent of light-dependency for
 

mating varies among Drosophila species.

According to the classification by Grossfield

(1971),light-independent species (8 spp.)are less than
 

light-dependent ones (12 spp. being somewhat light-

dependent and 22 spp. completely dependent). For
 

the light-independent species,such as D.melanogaster,

D.busckii, D.ananassae, D.montium, D.pseudo-

obscura,D.affinis,D.funebris,D.virilis,D.hydei,D.

replete and D.immigrans,visual stimuli by wing dis-

play or circling might be dispensable but courtship
 

might more rely on chemical stimuli by tapping/lick-

ing and/or acoustic stimuli by wing vibration (Table
 

1). For some completely light-dependent species,

such as D.subobscura, D.munda, D.palustris, D.

phalerata and D.guttifera,which produce no acoustic
 

stimuli,courtship might mainly rely on visual stimuli
 

by wing display and/or circling and subsequently
 

following elements (Table 1). Other more or less
 

light-dependent species use both visual and chemical/

acoustic stimuli for courtship.

2 .1 .1 .1

 

rtship seen in

 

Drosophila subobscura is one of species which
 

completely depend on light for courtship (Grossfield,

1971). While a male and a female are moving face to

 

face,the male gradually opens his wings,and spreads
 

them when he stops to move. This “wing-dance”is
 

the only effective courtship element in this species.

Brown (1965)conducted two experiments to test the
 

importance of visual stimuli of this“wing-dance”for
 

mating success. The first was to remove the male
 

wings completely or the distal half of them. The
 

results indicated that the number of successful mating
 

pairs was significantly reduced in both wing removal
 

treatments,which made females walk away from the
 

wing-removed males. The second was to show a
 

black spherical “Plasticine”model moving side by
 

side or an etherized female to a virgin male. In
 

response to the moving experimental object, some
 

virgin males tapped,orientated,wing-danced and even
 

tried to copulate with the moving model. Some vir-

gin males ignored the etherized female until she began
 

to move. Thus, the first experiment revealed that
 

the display of wing opening and spreading was impor-

tant for the female to keep staying with the male.

The second experiment suggested that a side-by-side
 

moving article was the cue for male to pay attention
 

to court. Interestingly, the wing vibration is very
 

rare in this species, suggesting that any acoustic
 

signal is not used as a cue to stimulate its partner.

Drosophila subobscura is the only species that does not
 

sing any courtship songs but performs the unique
 

wing-dancing in the D.obscura species group (Table
 

1). Drosophila subobscura occurs in a variety of hab-

itats from woodlands, pastures, even to moorlands.

It has a good deal of genetic heterogeneity,and this
 

might serve to adapt it to a wide variety of habitats

(Brown, 1965). There is a light-independent strain
 

selected from a geographic population. This strain
 

shows the totally modified courtship lacking the
 

wing-dance;the males rape the females without pre-

ceding courtship. The females seem to be rather
 

passive and do not resist atypical copulation attempts
 

by the males. The behavioral differences between
 

the light-dependent and -independent strains are
 

genetically determined by a polygenic system involv-

ing all four autosomes but not the X-chromosome

(Pinsker and Doschek,1980). It seems likely that this
 

genetically determined variation of cou

 

Drosophila me

 

wild populations is the consequence of natural selec-

tion under different environments.

2 .1 .1 .2  The
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independent species in this species complex. Droso-

phila simulans,D.mauritiana and D.sechellia depend
 

on light to more or less extent. The decrease of
 

mating frequency in darkness is the least in D.

simulans,the most in D.sechellia,and intermediate in
 

D.mauritiana (Spieth and Hsu,1950;Grossfield,1972;

Robertson, 1983; Sakai et al., 1997). The normal
 

courtship of D.melanogaster involves shortly orient-

front behavior but abounding wing vibration (Man-

ning,1960;Markow and Hanson,1981). Markow and
 

Hanson(1981)dissected the courtship of D.melanogas-

ter by multivariate analyses and found out that the
 

orient-front behavior during the circling frequently
 

happened in unsuccessful or long-bout courtships to
 

give more visual signals for exciting the unreceptive
 

female. In contrast, the visual information, such as
 

scissoring, is dominant in its sympatric species, D.

simulans,which displays more scissoring and spends
 

less time on wing vibration. Drosophila mauritiana,

most closely related to D.simulans,is light-dependent
 

as well, spending less time for wing vibration but
 

longer time for sending visual stimuli (Cobb et al.,

1989),although it uses wing rowing rather than scis-

soring as a display.

The light-dependency varies also between strains
 

of D.simulans. Sakai et al. (1997) found that one
 

strain from Ogasawara,Japan was light-independent
 

like as D.melanogaster. The intraspecific difference
 

of mating frequency in darkness depends on genetic
 

differences in the male-specific sexual behavior rather
 

than in the locomotor or mating activity(Sakai et al.,

1997).

2 .1 .1 .3  The
 

even thoug
 

species complex
 

Mating behavior of three species,D.auraria,D.

triauraria and D.biauraria, in the D.auraria species
 

complex is very similar, lacking wing-display and
 

front-circling:a male approaches and taps a female,

and then circles to her rear, and makes a running
 

lunge when her position is appropriate to mount;

having mounted and grasped the female, the male
 

extends one wing to 90°and vibrates it, and at the
 

same time attempts to copulate. The light-

dependency varies to some extent between the species:

D.biauraria is completely light-dependent, while D.

auraria and D.triauraria are somewhat  light-

dependent (Spieth and Hsu,1950;Oguma et al.,1984;

Oguma et al.,1996).

Oguma et al. (1996)used an infrared camera to
 

record courtship behavior of the auraria complex

 

under darkness, and found that tapping and subse-

quent elements triggered by visual signals were rarely
 

observed under darkness. However,when flies were
 

in close contact,males mounted females and attempt-

ed to copulate. A picture in the paper showed that a
 

male of D.auraria copulating with a female vibrated
 

his wing in darkness,and that three females near the
 

copulating couple spread their wings in response to
 

the wing vibration of the male. Obviously,acoustic
 

signals should have induced female’s receptive
 

response under darkness in this species. This finding
 

indicates that D.auraria can mate in the dark if
 

partners are in close contact, although Grossfield

(1971) classified this species as a completely light-

dependent one.

2 .1 .2  Evolution of elements related to
 

visual stimuli
 

Grossfield (1971) divided Drosophila into three
 

classes by investigating insemination rate under light
 

and darkness:Class I is light-independent,with species
 

distributed worldwide or over wide geographic
 

regions;Class II and III are somewhat and completely
 

light-dependent,respectively,with species distributed
 

in limited regions, except for the cosmopolitan D.

simulans (Grossfield, 1972). Two distantly related
 

species,D.simulans and D.subobscura, have evolved
 

the light-dependent feature independently(Spieth and
 

Hsu,1950). Males of either species do not use acous-

tic cue but mainly wing display during courtship.

Males send visual signals to females by vigorous wing
 

display:wing-dance in D.subobscura and scissoring in
 

D.simulans. Females have to receive these messages
 

under light. This feature may have evolved similar-

ly,

oup.

The li

 

h independently, probably through the
 

loss of acoustic signals in males or degeneration of
 

hearing sensory in females, and the enhancement of
 

visual signals by wing-dance, scissoring and/or cir-

cling in males or the gain of susceptive visual sensory
 

in females,in these two unrelated species.

Visual stimuli are less used in the D.montium
 

species subgroup. Species in this subgroup display
 

similar courtship behavior without wing display or
 

circling before mounting, but use more acoustic sig-

nals by wing vibration after mounting. This is a very
 

unique and typical courtship pattern in this subgr

 

D.rufa
 

les

 

ght-dependency varies among species in this
 

subgroup: D.biauraria is completely dependent, D.

auraria and D.triauraria highly dependent,

independe s dependent, and D.montium  s-t (Gros n

 

a aurari D .
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field,1972;Oguma et al.,1996). In this subgroup,the
 

light-dependency might have evolved as the conse-

quence of adaptations to environments or ecological
 

habitats where they are living.

2 .2  Elements related to chemical stimuli
 

Two elements,tapping and licking,are associated
 

with chemical stimuli,although tactile stimuli might
 

be involved as well. Courtship of many species in the
 

melanogaster subgroup is initiated by male’s tapping
 

on female with his fore tarsi where chemoreceptors
 

are located,and then other elements,such as follow-

ing, circling, wing display and wing vibration, take
 

place. After wing vibration, the male licks the
 

female’s genitalia with his proboscis and then
 

attempts to copulate(Ewing and Bennet-Clark,1968).

Spieth (1952) amputated the male fore tarsi in four
 

species of the virilis group and confirmed that stimuli
 

were received by the male via his fore tarsi and that
 

differences existed in this factor between strains of
 

the same species. When males tap other males,some
 

species, such as those of the D.mulleri species sub-

group of the D.repleta species group and the D.

saltans and D.willistoni species groups,stop courtship
 

immediately(Table 1),suggesting that they discrimi-

nate between conspecific males and females based on
 

chemical/tactile signals obtained by tapping. How-

ever,some other species continue male-male courtship
 

even after tapping. In D.melanogaster,tapping with
 

correct gustatory inputs is necessary for males to
 

induce the species-specific hallmark of unilateral wing
 

vibration, because the flies deprived of gustatory
 

inputs become to perform bilateral wing extension
 

during courtship(Koganezawa et al.,2010). Thus,the
 

pheromone input by tapping from the foreleg of court-

ing male shapes the courtship song pattern. The
 

licking action after wing vibration of the male obvi-

ously stimulates the female. It is possible that chemi-

cal stimuli are involved in this action (Spieth, 1952).

Tapping is, however, absent in many species of the
 

montium and the obscura subgroups, and licking is
 

totally omitted in all investigated species of these
 

subgroups (Table 1). Commonly seen male-male
 

courtships in the montium subgroup might be due to
 

the lack of tapping and/or licking elements. Other
 

elements,such as wing vibration after mounting,play
 

a very important role in discriminating mates in this
 

subgroup, for example in D. lini,D. ogumai and D.

ohnishii (Wen et al.,2011).

The tapping and licking elements of courtship

 

might have evolved along with female sex pher-

omones. The first Drosophila sex pheromone was
 

identified from D.melanogaster (Antony and Jallon,

1982). Since then,a variety of cuticular hydrocarbon
 

molecules have been identified from females and
 

males in a number of Drosophila species(see Ferveur,

2005; for a review). Recently, Ferveur and Cobb

(2010) have reviewed behavioral and evolutionary
 

roles of cuticular hydrocarbons,and Wicker-Thomas
 

and Chertemps (2010) have done the genetics and
 

biosynthesis of them.

3 . Timing of courtship:

precopulatory courtship vs.

copulatory courtship

 

The timing of male courtship should be an impor-

tant factor to be considered for understanding the
 

evolution of courtship behavior. Copulatory court-

ships,i.e.,courtships occurring after intromission,are
 

very common in insect (Eberhard, 1991). However,

elaborated courtships in most Drosophila species are
 

of typical precopulatory one. Only a few species of
 

the D.quinaria species group and the mulleri, the
 

affinis and the montium species subgroups have been
 

reported to perform copulatory courtships with some
 

variation(Miller,1950;Spieth,1952;Wasserman et al.,

1971;Tomaru and Oguma, 1994;Neems et al., 1997;

Wen et al.,2011).

3 .1

 

but such a

 

Drosophila pegasa is the first species which was
 

reported to have no precopulatory courtship in Droso-

phila. When a male detects a female,he immediately
 

climbs upon her abdomen and rides on her for a long
 

period(Wasserman et al.,1971). The extended riding
 

of male on female was called“grasping behavior”or

“mate grasping”(Wasserman et al.,1971;Wasserman
 

and Zweig,1991;Gronlund et al.,2002). Females play
 

only a passive role in mounting,but males can clearly
 

distinguish mates, preferring females, upon initial
 

grasping. Male-male grasping  occurs when no
 

female is present,

pes of
 

foo

 

male usually releases his
 

hold soon. It is still unknown what signals are used
 

for males to differentiate between males and females,

because the cuticular hydrocarbon composition is the
 

same in both sexes(Gronlund et al.,2002). Males can
 

distinguish even females reared on different ty

 

e origina
 

d or from different localities, preferring females
 

reared on th  he us medi l host cact  or from a  t

 

eg p  sa a D .
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same local population, respectively (Wasserman and
 

Zweig,1991). In D.pegasa,this grasping behavior has
 

evolved along with the complete loss of other ele-

ments that are commonly seen in the normal courtship
 

of Drosophila.

3 .2
 

f these two sp
 

and
 

es court thei Drosophila algonquin is a sibling species of D.

affinis in the affinis subgroup of the obscura group.

They are widely distributed in the United States east
 

of the Rocky Mountains,with the overlapped range in
 

the western Great Plains and in the northeastern
 

States. Sex combs of D.algonquin are larger than
 

those of D.affinis (Miller, 1950). In both species,

courtship is usually very brief,being followed quickly
 

by copulation. While males of D.algonquin some-

times continue to buzz during copulation, such a
 

behavior is not found in D.affinis and other species of
 

the affinis subgroup. Each burst  of buzz was
 

produced by vibration of both wings extended about
 

45°and lasted about a third of one second;66 buzzes
 

were counted in a copulation lasting for almost 5 min

(Miller,1950;Chang and Miller,1978).

Drosophila phalerata feeds on fungi, usually
 

together with D.transversa,D.limbata and D.kuntzei
 

of the quinaria group in different combinations. All
 

four species produced courtship songs by vibrating
 

one or both wings in their courtships. Males of D.

phalerata produce most of their songs during rather
 

than prior to copulation,whereas males of the other
 

three species remain silent during copulation. The
 

song of D.phalerata consists of unstructured pulses
 

with 260 Hz of carried frequency(Neems et al.,1997),

being similar to the sine songs in the D.lini clade

(Wen et al.,2011).

The copulatory courtship with wing vibration
 

after mounting has independently evolved only once in
 

D.algonquin and in D.phalerata among relatives of
 

the affinis subgroup and of the quinaria group,respec-

tively.

3 .3  The
 

in prepara
 

and the
 

strongly
 

s
 

species complexes
 

The auraria complex consists of four sympatric
 

species,D.auraira,D.biauraria,D.triauraria and D.

subauraria, and one allopatric species, D.quadraria

(Kimura, 1987). The courtship behavior of five
 

species is similar. When a male finds a female, he
 

orients to her,then follows and taps her body. Wing
 

vibration is observed during following in most cases.

Males produce less courtship songs before copulation

 

and at attempted copulation but more during copula-

tion (Tomaru and Oguma, 1994). Thus, both
 

precopulatory and copulatory courtships are perfor-

med,but with different intensities,by these species.

Drosophila birchii and D.serrata are sympatric
 

sibling species which are endemic to Australia.

Males o

 

e song freque

 

eci

 

exactly corr

 

r females mainly
 

during copulation,singing after mounting and during
 

copulation. Females of both species discriminate
 

against wing-removed conspecific males which do not
 

sing (Hoikkala et al.,2000), strongly suggesting that
 

their copulatory courtship song is an essential cue for
 

mating success.

3 .4  The

.ogumai or h

 

species complex
 

Three sibling species,D.lini,D.ohnishii and D.

ogumai,form a clade in the D.kikkawai species com-

plex of the montium subgroup (Wen, 2004). Droso-

phila lini and D.ogumai are allopatric, and D.ohni-

shii is distributed in the intermediate region, par-

apatrically with each of the other two species(Oguma
 

et al.,1995;Zannat and Toda,2002;Wen et al.,2011).

Males follow moving flies and attempt to mount
 

without tapping, circling or wing display before
 

mounting. Immediately after mounting a female,the
 

male extends either of his wings to 45-90°from the
 

body axis, vibrates it, and attempts to copulate.

Males produce sing songs with different frequencies,

high (about 250 Hz)in the two allopatric species,D.

lini and D.ogumai, but low (about 190 Hz) in D.

ohnishii (Wen et al., 2011). Very interestingly, this
 

difference in the sin

 

bling specie

 

ncy

 

hree other si

 

e-

sponds to the presence or absence of sexual isolation
 

between the species;i.e.,there is strong sexual isola-

tion between the parapatric pairs of species,ohnishii/

lini and ohnishii/ogumai,but no isolation between the
 

allopatric pair, lini/ogumai. Playing back low fre-

quency sine songs to D.lini and D

 

ike as the li

 

igh
 

frequency songs to D.ohnishii has induced female
 

repelling behavior (Li et al.,

4). The dis

 

tion),

ion range o

 

uggesting that the frequency of sine song produced in
 

copulatory courtship is an important sexual signal for
 

mate recognition in these si

 

so displayed

 

s.

T

 

ula-

tory cou

 

bling species, D.kikkawai, D.

leontia and D.bocki, form another clade in the kikk-

awai complex (Wen,200

 

und that th

 

tribut

 

et al., 198

 

f
 

D.leontia overlaps with those of the other two species

(Baimai  tship
 

beha
 

0). We observed their cour

 

s l
 
o
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vior and f
 

ade
 

ey al
 

ing r
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alien species male also induced female repelling
 

behavior (Li et al.,unpublished data).

4 . S exual sig nal diverg ence in
 

sympatric closely related
 

species
 

Natural selection strengthens sexual isolation in
 

response to maladaptive hybridization following sec-

ondary contact of two species/subspecies/populations
 

through the process known as reinforcement (Noor,

1999). Sexual isolation may result from divergence
 

in sexual signals and receiver preferences between
 

closely related species, so that speciation will be in-

fluenced by changes in signals and preferences(Butlin
 

and Ritchie,1994). Sexual signal divergence is some-

times seen in some courtship elements between
 

sympatric closely related species: for example, in
 

locomotory activity, wing display and pulse song
 

between D.melanogaster and D.simulans, in circling
 

and wing display between D.elegans and D.gunung-

cola,in pulse song among species of the auraria com-

plex, between D.serrata and D.birchii, between D.

yakuba and D.santomea,and between D.pseudoobscu-

ra and D.persimilis,and in timing of singing and song
 

type between D.affinis and D.algonquin (Table 1).

On the other hand,sexual signals are usually similar
 

between allopatric close relatives:for example, the
 

sine song frequency is similar between D.lini and D.

ogumai (Wen et al.,2011).

4 .1  S cissoring in

 

western North
 

Am
 

and
 

ca. Females

 

Drosophila melanogaster and D.simulans are
 

sympatric, cosmopolitan close relatives. Although
 

they commonly meet and compete for food under
 

natural conditions (Manning, 1960), they differ to
 

some extent in their niches and behavior:D.simulans
 

prefers lower temperatures than D.melanogaster
 

does; D.melanogaster appears more active but D.

simulans sluggish;and D.melanogaster pupates fre-

quently on the walls of culture bottles but rarely on
 

the food surface,while D.simulans does conversely.

The commonest sequence of courtship is orientation-

scissoring-vibration-licking in D.simulans and D.

melanogaster, but scissoring is almost omitted from
 

this sequence in D.melanogaster while D.simulans
 

spends less time in wing vibration (Manning, 1960;

Cobb et al., 1986). The amount of scissoring in-

creased with courtship duration in D.simulans (Cobb

 

et al., 1986). Given D.simulans males with D.

melanogaster females,the D.simulans males act as D.

melanogaster males,omitting scissoring after orienta-

tion. On the other hand,given D.melanogaster males
 

with etherized D.melanogaster females, they display
 

scissoring to the immobile females. These facts sug-

gest that the repertoire of intrinsic courtship elements
 

is common to both species (Manning, 1960). How-

ever,courtship is an interaction between two individ-

uals,and changes in levels of excitation are necessary
 

in both sexes. For more active females of D.

melanogaster,visual stimuli by wing rowing and scis-

soring would be apt to be out of female’s field of view
 

and therefore ineffective, but wing vibration may
 

have an effect in reducing female’s locomotor activity

(Cobb et al., 1986). Males of D.simulans may send
 

more visual stimuli by scissoring their wings to excite
 

conspecific females that are more sluggish,i.e.,having
 

a higher threshold for response,than D.melanogaster
 

females (Manning, 1960). Interestingly, probably in
 

relation to the shift of courtship to using more visual
 

stimuli in D.simulans, the eyes of D.simulans are
 

larger, with 5% more eye facets, than those of D.

melanogaster (Manning,1960).

4 .2  Pulse song in the

 

nces are controll

 

species complex
 

Drosophila pseudoobscura and D.persimilis are
 

sibling species with identical morphological charac-

ters and broadly sympatric across

 

erata,D.transv

 

eri

 

a,D.limbat

 

of these species discriminate
 

against heterospecific males as mates,but males court
 

heterospecific females as quickly and readily as they
 

do conspecific females in the laboratory(Noor,1996;

Noor and Aquadro,1998). Differences in the interpul-

se interval(IPI)and the intrapulse frequency(IPF)of
 

courtship song have been detected between the two
 

species. These differe

 

ted Kingdom and th

 

ed by both
 

X-chromosomal and autosomal loci (Noor and Aqua-

dro,1998).

4 .3  Timing of sing ing and pulse song
 

in the

: for exampl

 

species g roup
 

Drosophila phal

 

l,

IPI, is about 3

 

ers

 

in D.transv

 

a and
 

D.kuntzei are fungal breeders and are distributed
 

with overlap in parts of the Uni

 

he mean interpuls

 

e
 

near-continent. Several pulse song parameters are
 

different between D.transversa, D.limbata and D.

kuntzei

 

is
 

ersa, 15 m
 

e, t
 

D.lim-

bata,but 1

 

e interva

 

untzei. Drosoph
 

0 ms
 

phalerata in D.k  la s
 

n s i
 

3 m  i

 

e m  s er t D . a n la og

.D  sn simula

 

eudoobsc s  ura D .p

 

quinaria D .
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very different in the timing and the type of courtship
 

song from the other three species. It is the only
 

species that sings during copulation and invests very
 

little time in singing before mounting. It produces
 

single pulses with no structural grouping but unimodal
 

IPIs around the mean 370 ms. Each pulse is made up
 

of 2 to 20 cycles and lasts 23 ms on average(Neems et
 

al.,1997).

4 .4  Female acceptabilityin the

 

the subgenus D

 

species complex
 

Drosophila mojavensis and D.arizonae are sibling
 

species and partially sympatric in northern Sinaloa,

Sonora and in parts of southern Arizona. They uti-

lize different rotting cacti species as primary sub-

strates for breeding and occasionally meet together on
 

the same host plant (Wasserman and Koepfer,1977).

Sympatric D.mojavensis females are much less recep-

tive than its allopatric females to court by D.arizonae
 

males, suggesting that selection on sympatric D.

mojavensis has caused the range of female-acceptable
 

male mating behaviors to move away from the range
 

of D.arizonae behaviors (Wasserman and Koepfer,

1977;Markow, 1981a). However, D.arizonae males
 

persist in courting D.mojavensis females under
 

sympatry, even though they are unable to elicit an
 

acceptance gesture(Markow,1981a).

4 .5  Courtship pattern in the

 

nce stimu
 

and the

 

t be the derive

 

species
 

complexes
 

Among three species of the D.anceps species
 

complex (D.anceps, D.leonis and D.nigrospiracula),

D.nigrospiracula is the first branched-off species and
 

allopatric to the other two partially sympatric species.

Courtship elements lost or gained in this complex are
 

tapping and circling lost in D.nigrospiracula, and
 

tapping and flicking lost in D.leonis;D.anceps show
 

all these elements. The pulse burst length is signifi-

cantly different between the sympatric species, D.

anceps and D.leonis, but not between an allopatric
 

pair of D.nigrospiracula and D.anceps (Alonso-

Pimentel et al., 1995). On the other hand, three al-

lopatric species, D.eremophila, D.mettleri and D.

micromettleri, of the D.eremophila species complex
 

belonging to the same repleta group have similar
 

courtship patterns and courtship song parameters

(Alonso-Pimentel et al.,1995).

5 . Conclusion
 

Premating isolation may develop more rapidly
 

than postmating isolation (Markow, 1981b). The
 

basic similarity and the diversity of mating behavior
 

displayed by various species of the Drosophilidae
 

leave no doubt that there has been evolution of mating
 

behavior in the family. Observing courtship behav-

iors of 101 Drosophila species, Spieth (1952) pointed
 

out that tapping is an invariable element at the initial
 

phase of mating sequence and therefore must have
 

been present in the ancestral stocks. Most members
 

of

 

ped and streng

 

rosophila retain this ancestral con-

tact feature of tapping and licking but produce no
 

distance stimuli by wing display and vibration at the
 

initial phase(Table 1),and therefore they are regard-

ed as primarily contact animals. On the other hand,

most members of the subgenus Sophophora have diver-

ged from this ancestral pattern by becoming depen-

dent on distance stimuli (wing display and vibration)

rather than contact stimuli especially by licking

(Table 1; Spieth, 1952). Of course, there are some
 

exceptions in both subgenera, for example, female’s
 

duet song in the virilis group of the subgenus Droso-

phila (see Tomaru and Yamada,2011 for a review on
 

its features and roles)and licking in the saltans and
 

the willistoni groups and the melanogtaster subgroup
 

of the subgenus Sophophora. The precopulatory
 

courtship usually accompanied with dista

.

subobsc

 

li
 

migh

 

nsker and Dosc

 

d courtship pattern, while the
 

copulatory courtship widespread in insects and in the
 

montium subgroup might be the primary type.

Behavioral differences may arise as by-products
 

of genetic divergence in allopatric populations (Mul-

ler,1939)or be develo

 

rtship behavi

 

thened by natural
 

selection in the process of reinforcement when al-

lopatric populations secondarily become contact and
 

their hybrids are poorly adapted (Dobzhansky,1940).

It has been documented by some selection experi-

ments using D.melanogaster (McDonald,1979)and D

 

c genetic

 

ura (Pi

 

Gain or loss of

 

hek,1980)that there is
 

genetic variation in some traits of courtship behavior
 

of Drosophila. Such intraspecifi

 

e populat

 

variation
 

should have been under natural selection and/or sex-

ual selection and have been the main factor leading to
 

evolution of cou

 

h
 

derived p
 

ion

 

or.

aneshiro, 197

 

some courtship elements in ances-

tral or  n unsucce opulations could result i
 

urtship b
 

ssful
 

co  t etween (K ;s  6
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Watanabe and Kawanishi, 1979; Markow, 1981b).

How courtship elements are gained or lost along
 

evolutionary processes? Why such sexual signal
 

divergence occurs more frequently between sympatric
 

species than between allopatric ones? A possible
 

answer will be provided on the basis of the reinforce-

ment or reproductive character displacement models
 

for speciation,although a number of theoretical prob-

lems have been pointed out on these models. Very
 

rapid evolution of premating isolation observed
 

between sympatric forms of Drosophila provides in-

direct evidence in favor of these models (Ritchie and
 

Gleason,1995). Under sympatry with closely related
 

species,sexual selection alone may lead to increased
 

divergence in their courtship behavior, and addition-

ally, through severe resource competition,ecological
 

selection could favor behavioral separation between
 

them (Coyne and Orr,1989;Kondrashov and Kondra-

shov, 1999; Ritchie, 2007). Thus, interactive forces
 

from all environmental factors,such as food,habitat,

and competing species,should be taken into account
 

to fully understand mechanisms of courtship evolu-

tion. Population-based phylogeographic, ecological,

genetic and genomic studies, and conducting experi-

mental evolution are perhaps more likely to provide
 

conclusive evidence in this genomic and proteomic era

(Ritchie,2007). We expect that further studies espe-

cially on more species in the montium subgroup shall
 

give a deeper insight  into the evolution of
 

precopulatory and copulatory courtships in the
 

melanogaster group.
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